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Low-energy electron diffraction analysis of the structure of a Cs-O/Ru(0001) coadsorbate phase
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The structure of the (v/3x+/3)R30° overlayer formed by coadsorption of Cs and O atoms (8¢s=8o
=0.33) on a Ru(0001) surface was determined by low-energy electron diffraction. Both adsorbates
occupy hcp-type hollow sites. If compared with the structures of the respective pure adsorbate phases,
the bond lengths are modified in a way consistent with an effective transfer of electronic charge from

Cs to O.

The properties of alkali metal and oxygen overlayers
coadsorbed on transition metal surfaces have already been
the subject of numerous investigations,' not only because
of fundamental interest but also for the role played by
these systems as actual promoters in catalytic reactions
such as, e.g., ammonia synth¢sis.2 Apart from the forma-
tion of a large variety of mixed phases with long-range or-
der, the general tendency for thermal stabilization of the
alkali-metal adlayer by the addition of oxygen is indica-
tive of strong interactions between both adsorbates. So
far, however, complete structural information has still
been lacking, but will be reported here for a particular
system, namely, the Cs-0-Ru(0001)-(~/3x~/3)R30°
phase. The analysis was performed by low-energy elec-
tron diffraction (LEED), and represents one of a few suc-
cessful determinations of the structural parameters of an
atomic coadsorbate system using this technique. The first
LEED-structural analysis of coadsorbed atoms was per-
forrr|3ed for Na and S on Ni(100) by Andersson and Pen-
dry.

The experiments were performed with a UHV system
which was equipped with a display type four grids LEED
optics and with standard facilities for surface cleaning and
characterization, as described elsewhere in a report on the
structural analysis of pure Cs/Ru(0001) overlayers.*

LEED intensity measurements were performed at nor-
mal incidence of the primary beam at a sample tempera-
ture of 100 K. A computer-controlled video camera was
used to record integrated spot intensities of two integer
and four fractional order beams (energy range 70-380
eV) from the fluorescence screen.’

Starting with an ordered Cs/Ru(0001)-(+/3x~+/3)R30°
structure with Cs coverage 6¢cs =0.33, already addition of
small doses of oxygen (0.05 L) led to the appearance of a
new incommensurate superstructure and a successive
disappearance of the (v/3x+/3)R30° pattern. This clear-
ly indicates a strong interaction between oxygen and the
Cs adsorbate layer. O; exposure between 0.3 and 0.9 L
and subsequent annealing to a temperature of 7 =310 K,
which is slightly above the onset of Cs desorption in the
“clean” Cs/Ru(0001) phase, gives rise to the reappear-
ance of a (+/3x~+/3)R30° structure. During this anneal-
ing process no desorption of Cs atoms could be detected
by means of Auger electron spectroscopy (AES) or
thermal desorption spectroscopy. Therefore, the coex-
istence of patches of Cs- and Cs-O phases can be ruled
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out. The oxygen coverage, which gives rise to a 3
x~+/3)R30° with highest intensity and lowest background
was determined to be 6o =0.35 £ 0.02 (O, exposure: 0.7
L) by means of AES, measuring the peak-to-peak height
of the signal of the O(KLL) Auger transition at 520 eV.
The correlation between Auger signal and absolute O cov-
erage was calibrated by combined AES and LEED mea-
surements of the (2x2) and (2x1) phase of the system
O/Ru(0001) with coverages 8o0=0.25 and 6o =0.50, re-
spectively. Hence, the unit cell of the (v/3x+/3)R30°-
Cs/O phase contains one Cs and one O atom. The full
width at half maximum sharpening of the fractional order
beams in the Cs/O/Ru(0001) system as compared with
the corresponding pure Cs/Ru(0001) system indicates an
improved ordering in the coadsorbate system.

Theoretical I/ E curves were calculated using the “layer
doubling” method in combination with the “layer
Korringa-Kohn-Rostocker” approach® with extensive ex-
ploitation of symmetry relations both in real and recipro-
cal space.”® In the LEED program up to 9 spin-averaged
phase shifts of Cs and Ru were used; alternatively 10
phase shifts of Cs were tested without exhibiting any no-
ticeable effect on the I/E curves. Details about their com-
putation can be found in Ref. 4. Oxygen phase shifts were
taken from the literature® which had been successfully ap-
plied in a previous LEED intensity calculation for
Ni(110)-(2x1)0.!% All phase shifts were temperature
corrected utilizing an effective Debye temperature of 420
K for bulk ruthenium layers, 80 K for the Cs [as adopted
from our previous structural studies of the Cs/Ru(0001)
system?] and 420 K for the oxygen surface layer; no at-
tempt was made to optimize these parameters. The
agreement between experimental and theoretical /-E data
was quantified by the rpg factor introduced by Kleinle et
al.'! and by Pendry’s rp factor. 2

In this analysis the Cs-Ru, the O-Ru layer spacing, the
first Ru-Ru layer spacing, a buckling in the second Ru
layer, and the real part of the inner potential were simul-
taneously refined. For details concerning the procedure of
the automatic structure refinement see Refs. 13 and 14.
In addition, possible lateral relaxations within the topmost
layer of the Ru substrate were included.

Starting point was the recently solved structure of the
Cs/Ru(0001)-(+/3x~/3)R30° phase without coadsorbed
O atoms.* Here the Cs atoms occupy threefold coordinat-
ed hcp-type sites (i.e., with a Ru atom from the second
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FIG. 1. Structure model for the Cs-O/Ru(0001)-(~/3
x+/3)R30° coadsorbate phase. Large circles, Cs atoms; small
solid circle, O atoms. (a) Side view [cut along the dash-dotted
line of (b)]; (b) Top view. Structural parameters: Zcs=3.04
+0.07 A; Zx=1.5210.03 A; D12=2.08 £0.02 A; Dy3=2.15
+0.04 A

layer of the substrate just below the adsorbate) with the
structural parameters Zcs=3.15+0.03 A, D;3=2.10
+0.04 A, Dy3=2.121+0.07 A (for nomenclature see Fig.
1). It had been found for this phase that I/E spectra cal-
culated for any other type of adsorption site differ consid-
erably from the experimental data. With the coadsorption
system, on the other hand, the I/E curves recorded
showed close similarities to those of the pure Cs(~/3
x~+/3)R30° adlayer, obviously because the Cs atom is a
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TABLE I. r factors (rpg and Pendry’s rp) for the best fit ar-
rangement of the respective oxygen adsorption sites. Cs atoms
occupy hcp sites.

rDE re Adsorption site
0.33 0.31 hcp

0.43 0.47 bridge site
0.62 0.71 on top

same type of hcp sites. For the location of the O atom the
following three high-symmetry positions may then be en-
visaged: (i) on top of a Cs atom, (ii) in a twofold sym-
metric bridge position across 2 Cs atoms, and (iii) in a
threefold hollow site. With the former two configurations
the positions of the oxygen nuclei would be above the
plane formed by the Cs cores (for the reason of a very lim-
ited space for oxygen atoms) and as a consequence a sub-
stantial increase of the work function would be predicted.
With the threefold hollow site, on the other hand, the O
atom might be located even below the plane of Cs atoms
(as actually is the case, as will be shown below), and
hence the dipole moment and the work function change
might exhibit the reverse sign, which would agree with the
experimental findings. '®

For the three Cs/O geometries sketched automatic
structure refinements were performed, starting from dif-
ferent initial configurations in order to reach the corre-
sponding local minimum in the hypersurface of the rpg
factor. These minima were typically reached after 6-7
iteration cycles, when the changes of the parameters at-
tained values within the limits of 0.01 A and 0.1 eV, re-
spectively. The structural results of the fit procedure were
confirmed by an r-factor analysis using Pendry’s r factor
rp.12 We found excellent agreement between rpg and rp
as illustrated in Fig. 2. The optimum reliability factors rp
and rpg are listed in Table I. The results strongly corro-
borate the above-made suggestion and clearly favor the
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(v/3%x/3)R30° overlayer,* which is attributed to the im-
proved long-range order in the case of oxygen coadsorp-
tion. On top- and bridge-site occupancy of the O atoms
can clearly be ruled out.

Somewhat to our surprise, the r factors turned out to be
remarkably sensitive also to the vertical position of the O
atom as becomes evident from inspection of Fig. 2. A very
pronounced minimum for both rp and rpg is found for a
Ru-O spacing Z,x=1.52+0.03 A; while the other mini-
ma for larger distances are much poorer and are hence
without significance.

The resulting structure for the Cs-O-Ru(0001)-(~/3
x+/3)R30° coadsorbate phase is reproduced in Fig. 1.
The quoted error bars for the structural parameters result
from an assumption of 95% reliability taking into account
statistical errors only as proposed by Pendry.'? Both the
Cs and O atoms are located in hcp sites with respect to the
Ru(0001) substrate lattice. With respect to the positions
of the Cs atoms, the O atoms are in threefold sites below
the plane formed by the alkali-metal adlayer. The Cs-Ru
layer spacing of 3.04+0.07 A corresponds to a hard
sphere radius of the Cs atoms of 2.08 £0.05 A, a value
which is smaller by 0.08 A than that in the corresponding
oxygen-free Cs overlayer structure.* The Ru-O layer
spacing is derived to be 1.52+0.03 A. The positions of
the Ru atoms were found to be unchanged, that means la-
teral and vertical displacements of the substrate atoms led
to no further improvement of the structural refinement.
The symmetry of the structure is p3 and consequently two
domains must exist due to the p3m symmetry of the sub-
strate. The existence of ordered domains is assumed from
the observation of diffraction spots which appeared bright
and narrow.

The intensity spectra for this best fit geometry is
displayed in Fig. 3. The corresponding r factors are
rpe=0.33 and rp =0.31.

Apart from being consistent with the quoted work-
function data, the presented structural model is further
supported by results from other experimental techniques:
Metastable deexcitation spectroscopy probes the valence
electronic properties of the outermost atomic layer and
indeed exhibits no evidence for spectral features derived
from O 2p levels (in contrast to ultraviolet photoemission
spectroscopy), signaling that the O atoms are “buried”
below the Cs atoms.'® High-resolution electron-energy-
loss spectroscopy exhibits a peak at 25+ 3 meV which
was attributed to a Cs-O bending-mode type of vibra-
tion.!” The operation of strong interactions between the
adsorbed Cs and O atoms is also reflected by the substan-
tial increase of the desorption temperature for Cs in the
presence of coadsorbed O.

The Cs-O separation in the coadsorption phase is 3.11
#+0.04 A and thus somewhat larger than the bond lengths
in (bulk) cesium oxides which range between 2.7 and 3.0
A. The same holds for the Cs-Cs separation of 4.7 A if
compared with the values ranging between 3.6 and 4.4 A
for the cesium suboxides.'®!® Both effects obviously sig-
nal the importance of strong interactions with the Ru sub-
strate.

The Ru-O bond length for oxygen chemisorbed on
Ru(0001) of 2.03 A (Ref. 20) is, on the other hand, sig-
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FIG. 3. Comparison of the experimental and calculated best
fit /(E) spectra (rp =0.31; rpg=0.33).

nificantly shorter than the corresponding value of 2.16 A
with the present system which reflects a weaker interac-
tion between O and Ru in the presence of coadsorbed Cs.
The adsorption site of oxygen exhibits an enhanced charge
density induced by the Cs overlayer, as expected by com-
parison with calculated charge-density distribution of the
structurally equivalent Na/Al(111)-(v/3x~+/3)R30° sys-
tem with Na residing in a threefold hollow site.?! The in-
crease of the hard-sphere radius of oxygen may be ration-
alized in terms of a net transfer of electronic charge from
Cs (probably via the Ru substrate) to O. This effect, in
turn, gives rise to the observed reduction of 0.1 A of
the effective Cs radius from 2.2 A in the Cs/Ru(0001)-
(v/3x+/3)R30° phase to 2.1 A with the coadsorbate
phase. [It should be noted that the geometry of the Cs ad-
sorption site is not altered, in contrast to the situation with
the Cs/Ru(0001)-2x2 phase for which the transition to
on-top site occupancy is associated with a 0.3 A variation
of the bond length.*]

In conclusion, LEED analysis provided a model for the
structure of the Cs-O/Ru(0001)-(~/3x~/3)R30° phase
which is consistent with all other available experimental
evidence as well as with arguments derived from theoreti-
cal considerations and which may be regarded as a proto-
type for the large variety of combined alkali metal plus
oxygen overlayers on transition metal surfaces.
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