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Abstract 

The position of Cs on the (1 X 2) missing row reconstructed Ag(ll0) surface was determined by X-ray diffraction for 
two different Cs-coverages: 0c~ = 0.2 and 0c~ = 0.3. The Cs was found to be adsorbed in incommensurate chains in the 
troughs of the missing row with an average adsorption height of 1.7 A (0c~ = 0.2) and 1.4 A (0c~ = 0.3) above the topmost 
Ag layer. The apparent contradiction to the classical picture of alkali adsorption, which expects an increase of the Cs 
adsorption height with coverage, might be partly resolved by introducing a fraction of commensurately adsorbed Cs at 
Ocs = 0.2. 
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A central concept in the explanation of metallic 
bonding in condensed matter is the mutual relation- 
ship between atomic coordination and bondlength. 
The expected trend of increasing bondlength with 
increasing coordination is nicely shown for crys- 
talline iron: at the pressure induced transition from 
fcc (12-fold coordinated) to bcc (8-fold coordinated), 
the bondlength decreases by 2.4% [1]. This rule is 
embodied in the widely used formulation of "em- 
bedded atom" description of condensed matter sys- 
tems, where the free energy of the system is to a first 
approximation determined by an "embedding term", 
which is solely dependent on the average charge 
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density at the position of one atom contributed by its 
surrounding neighbors [2]. Maintaining this equilib- 
rium charge density upon lowering the number of 
neighbors necessitates smaller distances among the 
remaining atoms. Surfaces, with their inherently 
lower coordination, should demonstrate this effect 
strongly, and accurate surface structure determina- 
tions are valuable in revealing its existence. 

Submonolayer adsorbates on clean metal surfaces 
can offer a unique opportunity to test these general 
ideas because the coordination can be to some extent 
varied by adjustment of coverage: so long as the 
adsorbate atoms do not aggregate, the effective num- 
ber of neighbors around a given atom can be varied. 
Not all adsorbate/surface combinations fit this de- 
scription because the large majority show preference 
for specific binding at high-symmetry sites. Alkali 
metal adsorbate (neutral) atoms are relatively large 
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9e a better choice, because the lateral 
corrugation of the substrate-adsorbate potential is 
consequently small. Compressing the alkali layer by 
increasing the alkali coverage then leads to a de- 
crease of the alkali-alkali distance and subsequently 
to enhanced overlap of the neighbors and an effec- 
tive increase of coordination of the alkali atoms. 
According to the above very general principle, the 
alkali substrate bond length should increase. 

Alternative considerations of the nature of the 
alkali substrate bond leads to the same expectation: 
In the classical picture of adsorption of an isolated 
alkali metal atom on a metal surface the outer atomic 
s-electron state becomes broadened in energy and 
partly emptied by electron transfer to the metal. The 
bonding of the alkali metal towards the substrate is 
interpreted to be partly ionic, forming a dipole be- 
tween the adatom core and its image. Recent first 
principle calculations have proved this model to give 
a reasonable insight into the physics, despite the fact 
that the detailed nature of the bonding between alkali 
metal and substrate is still under dispute [3]. Upon 
increasing the alkali coverage, the neighboring alkali 
atoms start to interact and the alkali-substrate dipoles 
start depolarizing each other. The "alkali ions" be- 
come increasingly neutral as the character of the 
bond changes from ionic at low coverages to more 
metallic. Therefore the bondlength between the sub- 
strate and the alkali metal is expected to increase 
with increasing coverage. A direct consequence of 
the highly polarized bonding and the resulting dipole 
moment are long range repulsive interactions be- 
tween the alkali atoms, which at small distances, 
however, might be overcome by direct interactions, 
i.e., bond formation between the alkali atoms. In this 
regime the coordination argument is particularly ap- 
propriate to describe the expectations for the alkali 
substrate bond change. 

The magnitude of the effect of coverage on the 
bond length should be quite large, and a number of 
experimental studies have been carried out to look 
for the trend. Whereas no change of the alkali-sub- 
strate bond length has been observed for 
Na/Ru(0001) [4] and K/Cu(001) [5] within the 
error bars, the expected trend has been established 
for C s / A g ( l l l )  [6] and Cs/Ru(0001) [7]. 

In this paper we present structural results for 
Cs /Ag( l l0 )  obtained by surface sensitive X-ray 

diffraction, which contradict these very general ex- 
pectations: We found that the average Cs-Ag dis- 
tance decreases with increasing alkali coverage. At 
room temperature and slightly elevated temperatures, 
alkali metal adsorption on the Ag(l l0)  surface with 
submonolayer coverages was found to induce a (1 X 
2) missing row reconstruction, where every second 
[1-i0] Ag-row has been removed [8-11]. Equivalent 
behavior has also been found for the (110) surfaces 
of the other 3d and 4d fcc transition metals [12]. We 
performed a determination of the structure of the 
Ag(l l0)  (1 X 2) missing row reconstruction, which 
included the position of the Cs for two different Cs 
coverages, 0cs = 0.2 and 0Cs = 0.3; the coverage is 
in units of the density of the topmost layer of Ag 
atoms in a (1 X 1) Ag( l l0)  surface. Surface X-ray 
diffraction is particularly suited to this problem [5], 
since deep lattice distortions are expected from the 
strong substrate reconstruction and the heavy Cs 
atoms should contribute considerably to the scatter- 
ing intensities. It is also appropriate to use a recon- 
structed surface because the height of the recon- 
structed layers are a well defined reference point. 

The experiments were performed at the beamline 
X16A at the National Synchrotron Lightsource at 
Brookhaven National Laboratory. The sample was 
mounted in a high vacuum chamber coupled to a 
5-circle diffractometer. The wave length used for the 
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experiments was 1.37 A, corresponding to an energy 
of 9.08 keV. Further details on the experimental 
setup can be found elsewhere [13]. The Ag(l l0)  
surface was prepared by repeated Ar + sputtering and 
subsequent annealing to 650°C. Cs was evaporated 
from commercially available SAES getter sources. 
The alkali metal coverage, as well as the cleanness 
of the surface were monitored by Auger electron 
spectroscopy (AES). The (1 × 2) reconstruction was 
induced by depositing the required amount of Cs and 
subsequent annealing to 300 and 200°C for the low 
and high Cs coverage, which is slightly below the 
respective desorption temperatures of the Cs. By this 
procedure, well ordered domains of a (1 × 2) struc- 
ture were obtained. The two Cs coverages investi- 
gated were determined from our AES measurements 
to be 0cs = 0.2 _+ 0.03 and 0c~ = 0.3 + 0.03 using 
the calibration of Reiff et al. [14]. 

The circles and squares in Fig. 1 show the mea- 
sured structure factors for the two coverages. They 
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were obtained by integration of rocking scans of the 
sample with background subtraction and are normal- 
ized to the active area of the sample. For clarity only 
part of the data are shown. We use the LEED 
convention for the surface unit cell for the indication 
of the directions in the reciprocal lattice space, i.e., 
H runs along [001], K along [110] and L is along 
the surface normal. The measured structure factors 
were fitted using a X 2 minimization, starting from 
the unrelaxed missing row model of the Ag(l l0)  
surface and allowing the atoms to move according to 
the pmm2 symmetry of the surface unit cell, down to 
the fourth Ag layer (Fig. 2a). Individual Debye- 
Waller parameters were given for layers one and 
two; the rest of the Ag-atoms were considered to 
have the same vibrational amplitudes as bulk atoms. 
Because of the low overall wavevector the (0.5, 0, 
L) rod [15] is fairly insensitive to the distortions of 
deeper layers and should remain flat: This is shown 
by the dashed lines in Fig. 1, for which Cs has been 
omitted in the calculation. The fact that substantial 
modulation of the (0.5, 0, L) rod is observed experi- 
mentally hence directly shows that Cs has to be 
included in the model. The phase of these rods, with 
a minimum at L = 0, reflects an inplane antiphase 
shift between the main contributions to the (1 X 2) 
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Fig. 1. Structure factors as a function of L for different H and K. 
The circles (squares) give the measured data for the lower (higher) 
Cs-coverage. The solid lines give the fitted structure factors for 
the full model, including Cs. The dashed lines indicate the Ag 
contributions to the scattered intensities at the (0.5, 0, L) rods. 
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Fig. 2. (a) Side view of the (1 × 2) missing row reconstruction of 
the Ag(110) surface. (b) top view of the incommensurate chain 
model. The coverage is chosen to be 0cs = 0.20. Note that at a 
coverage of 0cs = 0.30 the Cs spheres would intersect. (Small 
circles: Ag atoms; large circles: Cs atoms; the circles have atomic 
radii.) 

structure, namely the topmost Ag layer and the Cs. 
This informs us that the Cs is adsorbed in the 
troughs of the missing row. It was found that reason- 
able fits to the data could be obtained with Cs 
contributions only to rods with K = 0, which implies 
that Cs lies in uncorrelated, incommensurate chains 
along the troughs of the missing row as sketched in 
Fig. 2b. This is reasonable, considering also previous 
investigations on related systems [12]. Such a "one- 
dimensional" structure, disregarding the substrate 
corrugation, is expected to have liquid-like order 
along the chain directions and contributes only dif- 
fuse intensity at positions other than K = 0, which 
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Fig. 3. Histogram of the substrate relaxations in ~, for the two 
coverages as indicated in Fig. 2a (filled bars: Oc~ = 0.2;oOpen bars: 
0c~ =0.3);  the error bars are 0.02 ,~ (d2+0 .03  A) for the 
perpendicular and 0.004 ,~ for the parallel displacements. 

can be neglected. In the H-direction the Cs overlayer 
has perfect two-fold substrate periodicity. That we 
need to include Cs in our model to get reasonable 
fits of the experimental data is a significant and new 
finding; other methods such as LEED [11,16] and ion 
scattering [10,17] applied to the structure determina- 
tion of alkali-metal-induced (1 × 2) missing row re- 
constructions were not able to determine the alkali 
positions. 

The solid lines in Fig. 1 show the calculated 
structure factors fitted to the data by applying the 
above model with Cs in incommensurate chains. Fig. 
3 summarizes the results for the substrate relax- 
ations. As expected from the considerable rearrange- 
ment of the Ag( l l0)  surface into a (1 × 2) missing 
row structure the most important relaxation is the 
contraction of the first Ag-layer distance (d2). The 
values of -0.12___ 0.03 A and -0 .08  + 0.02 .~ 
obtained for the lower and higher coverage, respec- 
tively, correspond to - 8 %  and - 6 %  of the inter- 
layer spacing of the Ag( l l0)  surface (1.45 ,~). This 
is in considerable agreement with the LEED study of 
Barnes et al. [11], who found a contraction of the 
first interlayer spacing of - 11 + 2%, and with the 
medium-energy ion-scattering study of Frenken et al. 
[10], where for a potassium coverage of O K = 0.39 a 
contraction of ( - 9 __+ 1)% was determined. The sub- 
strate relaxations and in particular their dependence 
on the Cs-coverage are not important to the results 
presented here and will be discussed in a more 
extended paper [18]. 

The Cs coverages, determined by the X-rays are 
0c~ = 0.25 + 0.03 and 0c~ = 0.29 _ 0.03 compared 

with 0cs = 0.2 + 0.03 and 0cs = 0.3 + 0.03 for AES. 
The coverage and the Debye-Waller factor of the Cs 
are strongly coupled parameters in the fit, which is 
why they are poorly determined. In our model we 
included isotropic Debye-Waller factors, which is 
certainly incorrect for the Cs adsorbed in the very 
anisotropic troughs [19]. This gives additional uncer- 
tainities in 0Cs, not included in the error bar, so the 
obtained values are considered to be in agreement 
with the coverages determined by AES. 

Just as the (0.5, 0, 0) position is sensitive to the 
Cs site, the position of the maximum along the 
(0.5, 0, L) rod reads out directly the average height 
of the Cs above the topmost (1 × 2) reconstructed 
Ag layer. We see a clear shift of this maximum 
towards higher L with increasing Cs coverage, 
which reflects directly a decrease of the (average) 
Cs height above the first Ag layer. In the fit to the 
data the height of the Cs above the first Ag layer 
drops from 1.7 + 0.06 to 1.4 + 0.06 .~. The corre- 
sponding Cs radii in the incommensurate chain be- 
come 2.0 to 2.3 ,~ for the lower Cs coverage and 2.3 
to 2.6 .~ for the higher coverage. This result cannot 
be explained in the framework of the traditional 
picture of alkali metal adsorption on metal surfaces, 
where increasing metallization should lead to an 
increase in bond length with increasing Cs-coverage. 

This anomalous trend is the main result of the 
paper. Since our result contradicts the expectations 
of elementary theory, we now turn to consider spe- 
cific mechanisms how the contradiction might be 
rationalized, although the direct evidence is rather 
weak. The above description of Cs in incommensu- 
rate chains is compatible with strong repulsive inter- 
actions and weak corrugation of the adsorbate-sub- 
strate potential. It therefore assumes a continuous 
change of the Cs-Cs spacing with coverage. We 
note that the absolute coverage values correspond to 
switching from one regime, where the average Cs-Cs 
distance is still larger than the atomic diameter in 
bulk Cs metal, to another regime, where the Cs-Cs 
distance is lower than the atomic diameter. More 
complex behavior, such as a change of the adsorp- 
tion site might be expected in addition. With the fits 
to our incommensurate chain model mentioned 
above, we set all Cs atoms at one height above the 
Ag-substrate. However, the X 2 value of 3.1 at 0c~ 
= 0.2 and especially the poor fit of the (0.5, 1, L) 
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rod indicate some remaining inadequacy in this 
model. We now consider the possibility of mixing 
different "k inds"  of Cs with different adsorption 
sites. Indeed, upon closer inspection of Fig. 1 the 
badly fitted hump of the (0.5, 1, L) rod at 0Cs = 0.2 
suggests we should include some Cs in c o m m e n s u -  

r a t e  positions, remembering that only Cs in such 
distinct adsorption sites can contribute to rods with 
K * 0. We considered all possible models employing 
a single Cs site and found that only a four-fold-coor- 
dinated hollow site with respect to the second Ag 
layer inside the troughs could fit the phase of the 
hump. Improved fits were then obtained for 0c~ = 0.2 
by using a mixture of Cs in four-fold-coordinated 
hollow sites and incommensurate sites with X 2 de- 
creasing to 2.2. The determination of the relative 
heights was very poor (only the average height is 
strongly constrained), but the best fit was found with 
the incommensurate site at 1.4 .~ and the four-fold- 
coordinated site, approximately 1 ,A higher. The 
mixture of Cs in two different heights also improved 
the fit of the (0.5, 0, L) rod, i.e. the small side hump 
around L = 0.5 was now fitted correctly. For these 
data approximately 1 /3  of the Cs was found in the 
commensurate positions. We note that exactly this 
four-fold-coordinated hollow site has been observed 
in recent photoelectron diffraction experiments on 
K/Cu(I10)  [20]. For the high coverage data no 
significant improvement of the fit was achieved with 
the new model. 

The observed height difference of the Cs in the 
commensurate positions and the incommensurate 
chain requires different local environments of the 
respective Cs atoms. We therefore believe that the 
commensurate Cs is very unlikely to be incorporated 
within the incommensurate chains, and prefer to 
assume that two Cs-phases coexist. Recent experi- 
mental findings of island formation of alkali metal 
atoms on AI ( l l l )  and calculations suggest that at 
high alkali densities attractive forces between the 
alkali atoms come into play [21,22]. This could lead 
to a condensation into incommensurate chains. The 
commensurately adsorbed Cs atoms might be de- 
scribed as a lattice gas with a lower local Cs density, 
where the Cs still experiences repulsive interactions. 
Such a coexistence of lattice gas and condensed 
(one-dimensional) alkali islands has been proposed 
by Ref. [22]. 

The separation into two different pha 
course not inherently explain why the Cs in the low 
density commensurate phase should be adsorbed 
considerably higher than the incommensurate chain. 
However, the model provides two different Cs species 
with different local environments. Changing the cov- 
erage acts by changing the proportion of these two 
phases rather than influencing the specific bonding 
of the alkali atoms to the surface. The high coordina- 
tion of the Cs towards the Ag surface in the com- 
mensurate four-fold-coordinated hollow site together 
with the very open character of the (1 X 2) missing 
row surface and the smeared-out electron density 
within the troughs [23] might provide an explanation 
for the large adsorption height found for this site. 
Nevertheless the understanding of the bonding in 
these fairly simple chemisorption systems clearly 
invites further theory and experiment. 

In summary we determined the structure of the 
Cs /Ag( l l0 )  system for two different Cs coverages, 
and in particular the position of the Cs, which is 
adsorbed in the troughs of a (1 X 2) missing row 
structure. The average Cs height decreases with in- 

o 

creasing Cs-coverage from 1.7 to 1.4 A, which is 
contradictory to the classical picture of alkali metal 
adsorption. To account properly for the data at 0cs = 
0.2, we propose a model that includes a coexistence 
of two phases, Cs in an incommensurate chain along 
[1-i0] and Cs in commensurate four-fold-coordinated 
hollow sites. 
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