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Abstract. The analysis of the intensity along the diffraction rods normal to 
the crystal surface (crystal truncation rods) has been used to analyse the 
adsorption sites of potassium atoms adsorbed at Γ = 330 Κ on atomically 
clean Cu(100) under ultra high vacuum conditions. At potassium coverages 
below about Θ = 0.18 ML (1 ML = 1.53 χ 1015 atoms cm - 2 ) , where no 
ordered adsorbate superstructure forms, the potassium atoms are adsorbed 
in the fourfold hollow sites of the Cu(100) substrate at dL = 2.1(4) A above 
the first Cu layer corresponding to an effective potassium radius of reff = 
I.5(3) Ä which is close to the ionic radius of 1.33 A. Within about 1 —2% 
the substrate interlayer spacings, d12 and d2 3 are not affected. 

At high coverage (Θ « 0.30 ML) where an ordered incommensurate 
overlayer forms, the adsorption site is partially on-top. These results are 
in correspondence with the model of alkalimetal adsorption on metals 
supposing extensive charge transfer from potassium to the substrate at low 
coverage. 

I. Introduction 
Alkali metal (AM) adsorption has been of interest for long time from both, 
theoretical and experimental point of view (Bonzel, Bradshaw and Ertl, 
1989). 
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This can be understood since AM adsorption on metals represents a 
prototype chemisorption system and alkali metals play an important role 
as promoters in heterogenous catalysis. 

One prominent feature of alkali metal adsorption is the rapid decrease 
of the substrate work function at low coverages and its subsequent increase 
giving rise to the characteristic minimum which is known since the 1920's 
(Langmuir and Kingdon, 1923). 

Correspondingly a huge amount of spectroscopic and theoretical work 
has been performed in order to develop a consistent model which correlates 
the evolution of the structural and electronic properties with increasing 
alkali coverage. 

Many studies using spectroscopic methods appear to confirm the model 
that an alkali metal adsorbed on a metal at low coverages, Θ < 0.18 mono-
layers (ML) (1 ML corresponds to 1 Κ atom per surface Cu atom, i.e. 
1 ML = 1.53 χ ΙΟ15 Κ atoms/cm2), transfers its valence electron to the 
substrate (Aruga, Tochihara and Murata, 1986; Soukiassan, Riwan, 
Lecante, Wimmer, Chubb and Freeman, 1985; Horn, Hohlfeld, Somers, 
Lindner, Hollins and Bradshaw, 1988; Woratschek, Sesselmann, Küppers, 
Ertl and Haberland, 1985; Wallden, 1985). This suggests the picture of 
(partially) ionic adatoms which are randomly dispersed on the surface due 
to electrostatic repulsion. At higher coverage, between Θ = 0.20 and Θ = 
0.30 — 0.35 ML, the latter corresponding to the formation of about one 
complete overlayer, the overlap of the wave functions between neighboring 
alkali atoms becomes more extensive and the cohesive interaction surpasses 
the interaction with the substrate. In this coverage regime back donation 
of charge to the adatoms takes place leading to a change of the bonding 
character from ionic to metallic. For the system K/Cu(100) the beginning 
of the two dimensional condensation of the overlayer at about 0.2 ML 
nearly coincides with the minimum of the work function (Aruga, Tochihara 
and Murata, 1986). 

However, the assumption that the bonding is largely ionic at coverages 
below 0 = 0.20 ML is subject to considerable current controversy. Some 
experimental and theoretical studies have been interpreted to support the 
picture of covalent bonding at all coverages (Riffe, Wertheim and Citrin, 
1990; Ishida, 1988, 1990). 

Additional informations about the bonding character can be obtained 
by the analysis of the geometric structure. However, precise structural 
data are rare. The structure analysis employing the analysis of low energy 
electron diffraction (LEED) data is complicated by multiple scattering 
effects. Additionally, one complication may arise by the increased contami-
nation rate of the surface induced by the electron beam or by electron 
stimulated desorption. In the present investigation the stability of the super-
structure was found to be considerably shorter (about 20 min) when under 
observation using LEED as compared to the observation using X-rays 
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(about 40 min to 1 h). Consequently, studies of the adsorbate geometry 
have not played the central role in discussions of the nature of the adsorp-
tion mechanism and comparatively few quantitative determinations of the 
adatom geometry have been carried out. Thus theoretical models of AM 
adsorption have almost by default assumed that the adsorption position is 
a hollow site. It has been recently discovered that this is not always true. 
For the p(2x2) phase formed by Cs/Ru(0001) (Over, Bludau, Skottke-
Klein, Ertl, Moritz and Campbell, 1992), Cs/Cu( l l l ) (Lindgren, Wallden, 
Rundgren, Westrin and Neve, 1983) and K/Ni(l 11) (Fisher, Chandavarkar, 
Collins, Diehl, Kaukasoina and Lindroos, 1992) on-top adsorption of 
the alkali atom was determined. For Cs/Ru(0001) a change to the hep-
threefold hollow position is observed at higher coverage. Using surface 
extended X-ray absorption fine structure (SEXAFS) measurements, pro-
bing the local order, a substitutional adsorption mechanism was determined 
for Na on Al(l 11) in the coverage regime between 0.16 M L and 0.33 M L 
(Schmalz, Aminpirooz, Becker, Haase, Neugebauer and Scheffler, 1991). 

These examples demonstrate the importance of a detailed structural 
investigation and their relation to the spectroscopic results. During the last 
decade surface sensitive X-ray diffraction has become an important tool 
for the investigation of surface structures since the data analysis is based 
on the kinematical scattering theory (Feidenhans'l, 1989; Robinson, 1991) 
and powerful synchrotron X-ray sources have become available. 

In this paper we present an X-ray structure analysis of submonolayers 
of potassium adsorbed on an atomically clean Cu(100) surface under ultra 
high vacuum (UHV) conditions. We have chosen this system since it rep-
resents a prototype AM/metal adsorbate system that has been investigated 
using electron energy loss spectroscopy (EELS), work function measure-
ments and L E E D (Aruga, Tochihara and Murata, 1984 ,1985,1986) . 

Using L E E D Aruga, Tochihara and Murata (1985) suggested a continu-
ous transition between two commensurate phases labeled CI and C2, which 
correspond to theoretical coverages of Θ = 0.30 M L and Θ = 0.33 ML, 
respectively. However, informations about the relative arrangement be-
tween substrate and overlayer is lacking. 

Further, nothing is known about the adsorption site at coverages below 
about Θ = 0.20 ML, where the potassium atoms do not form an ordered 
overlayer structure. Moreover, it is within this low coverage regime where 
the rapid decrease of the substrate work function is observed which is 
ascribed to the charge transfer from Κ to the Cu substrate. Consequently, 
in order to obtain a better understanding of the physical mechanism under-
lying the observed effect it is of crucial importance to investigate the atomic 
structure of the adsorbate system in this regime. 

In this paper we show that at low coverages the potassium atoms occupy 
fourfold hollow sites of the Cu(100) substrate surface. At high coverages 
(Θ ^ 0.30 ML) the adsorbate site is found to be preferentially on-top. The 
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structure analysis is based on the interference between the amplitudes 
scattered by the substrate crystal and the adsorbed layer. This allows the 
analysis of the local geometry of the adsorbate atoms relative to the sub-
strate. 

The next section outlines the basic principles of the structure determi-
nation using the analysis of the intensity variation along integer order 
reciprocal lattice rods normal to the sample surface. Section III and section 
IV discuss experimental details and the data analysis. The results of the 
structure analysis are summarized in section V in the context with the 
general physics of alkali adsorption. Section VI provides a short summary. 

II. Analysis of crystal truncation rods 
Since the early days of the X-ray scattering theory (Laue, 1936) it is well 
known that the finite size of the crystal gives rise to a diffuse intensity 
between the Bragg points. If we consider a crystal consisting of an infinite 
number of unit cells along the a- and ^-direction (summation from n l 2 = 
— oo to «1.2 = oo) and which is semiinfinite along the c-direction (sum-

mation from «3 = — oo to n3 = 0) the intensity distribution in reciprocal 
space is given by a two dimensional <5-function (in plane) and a diffuse rod 
normal to the sample surface (c* direction). The scattered amplitude can 
be written as: 

hki = I/"will2 Σ Σ Σ <"· 
, ι ' 2 π ( Λ π ι +kri2 +ln$) 

Π ] = - CO B j = ~ 3D Β 3 = ~ c c 

( 1 ) 

where Fhkl represents the structure factor of the unit cell. The variable n3 

indicates that the structure is non periodic along the direction normal to 
the sample surface. If we assume all unit cells to be equal we obtain for the 
intensity in the limit of negligible absorption: 

I=\Fhk,\2g(h)g(k)--ij- (2) 
4sin π/ 

In Eq. (2) g(h) and g(k) are the Laue functions [sin2(/raA)/sin2(7iA)] which 
correspond to delta functions in the limit n-* 00. Normal to the sample 
surface there is a diffuse rod of intensity. It is called crystal truncation rod 
(CTR), since it arises due to the termination of the crystal. The Miller index 
1 is a continuous parameter. The reciprocal lattice is schematically outlined 
in Fig. 1, where we have plotted the intensity distribution in an a*-c*-
section. The width of the rods schematically indicates the intensity variation 
along c* which is given by Eq. (2). For convenience we use the primitive 
setting of the (100) surface unit cell corresponding to the tetragonal setting 
of the bulk unit cell. The transformations between the Miller indices related 
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Fig. 1. Schematic drawing of the reciprocal lattice of the Cu substrate crystal in the a* — 
c* section showing the crystal truncation rods normal to the sample surface. The rods 
are present due to the termination of the crystal. The width of the rods schematically 
indicates the intensity variation. Bulk reflections are indexed in the tetragonal setting of 
the crystal (see text). 

to the cubic (c) and the tetragonal (t) setting are (1 ll)c = (101), and (221)c = 
(201),. 

Close to the Bragg peak there is a q 2 intensity dependence that is the 
result of the dynamical theory as well (Batterman and Cole, 1964) which 
ab initio includes the sample surface as boundary condition. The Eq. (2) 
neglects the effect of absorption and extinction which smooth out the 
singularity at the Bragg-peaks. We do not use the regime near the Bragg-
peaks since it contains only information about the bulk substrate crystal. 

Surface sensitivity in CTR analysis can only be achieved far off the 
Bragg-peaks where the substrate layers do not scatter in phase and the total 
scattering amplitude is in the same order of magnitude as the scattering 
amplitude of one adsorbate monolayer. 

The Eq. (2) assumes the crystal surface to be completely flat which can 
be expressed by a step function, whose Fourier Transform gives the q~2 

intensity dependence (Andrews and Cowley, 1985). However, crystal sur-
faces exhibit a surface roughness that leads to a steeper intensity dependence 
since the step function in r-space is smeared out. Robinson (1986) has 
developed an atomistic roughness model assuming a geometric distribution 
of layer occupancies, where the layer occupancy is 1.0 for layer 0, layer 1 
has a fraction of β occupied sites, layer 2 has a fraction of β2 and so on. 
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Fig. 2. AES peak to peak intensity of the Cu-MNN and the K.-LMM transition versus Κ 
evaporation time. The saturation of the signals indicates the completion of one overlayer 
corresponding to a coverage of about 0.35 — 0.37 ML. 

Using this roughness model the intensity distribution along the CTR can 
be written as: 

l=\Fhkl\2g(h)g(k) 
1 (1 - β)2 

4sin π/ [1 + β2 - 2ßcos(nl)]. 
(3) 

III. Measurements 
The measurements were carried out at the beamline X 16A of the National 
Synchrotron Light Source (NSLS) storage ring of the Brookhaven National 
Laboratory (BNL) using a UHV diffractometer (Fuoss and Robinson, 
1984) in the five circle diffraction geometry described in detail by Vlieg, 
Van der Veen, MacDonald and Miller (1987). 

The Cu(100) surface was prepared under UHV conditions (base pressure 
10 " 1 0 mbar) by 30 min or Ar + ion sputtering (500 eV) at a sample tempera-
ture of Τ = 800 Κ followed by 5 min annealing at T = 730 K. The sample 
heating was achieved by electron bombardment. Within the detection limit 
of the Auger electron spectrometer the Cu(100) surface was clean. A low 
background LEED pattern could be obtained. 

The potassium atoms were deposited from thoroughly outgassed SAES 
dispensers at a sample temperature of T = 330 K. The calibration of the 
evaporation rate was performed by Auger electron spectroscopy. In Fig. 2 
we show the evolution of the potassium-LMM (252 eV) and the copper-
MNN (60 eV) Auger peak to peak signals versus evaporation time. The 
saturation of the signals is well known as an indication of the completion 



Coverage dependent adsorption sites in the K/Cu(100) system 79 

800-

600-

~ 400 to c φ 

200 

- 2 - 1 0 1 2 3 
q-q0(recA)/lO'2 

Fig. 3. Representative transverse scan (ω-scan) over the (10 0.1), reflection corresponding 
to the antiphase condition midway between the (101), and the (10T), Bragg points (see 
Fig. 1). The width of the reflection curve reflects the sample mosaic of about 3.8 
χ 10 " 3 A ~1 corresponding to 0.3°. 

of one potassium layer on the Cu(100) surface corresponding to about Θ = 
0.35 to 0.37 ML (Aruga et al., 1985). 

For the X-ray measurements the Cu(100) sample was aligned using 
the bulk (101), and (10l),-Bragg peaks. Using a Si(l l l) double crystal 
monochromator the beam energy was set to Ε = 8.73 keV corresponding 
to λ = 1.42 A. This is slightly below the Cu-K-edge (£Cuk = 8.98 keV) and 
far above the potassium K-edge (£K>K 3.61 keV). 

Slits of 2 χ 10 mm were mounted 500 mm behind the sample providing 
a longitudinal resolution of 2.4 χ 10" 3 Ä - T h e resolution parallel to the 
truncation rods is 1 . 4 x l O - 2 A _ 1 , corresponding to about 0.05 reciprocal 
lattice units. The measurements were transverse scans by rotating the crystal 
around the surface normal (ω-scan). The Fig. 3 shows a representative 
reflection curve at (10 0.1), versus ω. In the transverse direction the resol-
ution is limited by the sample mosaic spread which in the present case is 
about Δω = 3.8 χ 10 - 3 A - 1 corresponding to 0.3° FWHM. Although the 
reflection (10 0.1), corresponds to the out-of-phase condition the intense 
primary beam provides a high signal to noise ratio. The measured peak 
intensity is about 800 counts per second. Larger momentum transfers qz = 
I • c* were attained at constant beam exit angle ßf = 3° by rotating the 
whole diffractometer table around the α-axis (Vlieg et al., 1987) thereby 
increasing the X-ray incidence angle /?,·. The integrated intensities along the 
rod were measured in steps of ΔΙ = 0.2. In Fig. 4 the filled squares indicate 
the integrated intensities measured along the (101),-rod of the clean Cu(100) 
sample after correcting the data for the active sample area as well as for 
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Fig. 4. Integrated intensity along the (101), rod of the uncovered Cu(100) surface (filled 
squares) compared with several simulations talcing the surface roughness into account 
(solid lines). The error bars corresponds to about the size of the symbols. 

the Lorentz- and the polarization-factor (Feidenhans'l, 1989; Robinson, 
1991, 1992). Several symmetry equivalent reflections have been measured, 
the reproducibility was about 5 — 10%. The measurement of one rod took 
about \ l / 2 — 2 h depending on the primary beam intensity. Afterwards 
the first scan of the whole run has been repeated in order to check the 
reproducibility of the measurements and the stability of the structure. In 
most cases the reproducibility was within one standard deviation of the 
counting statistics. Additionally, it should be noted that contamination 
might be less important when investigating the local adsorbate geometry 
only and not the superstructure which requires a well defined long range 
order. 

Using Eq. (3) we have fitted the data along the (101),-rod shown as solid 
lines. In order to fit the data far off the (101)t-Bragg peak the roughness 
parameter β was set to 0.41 which corresponds to a root mean square 
asperity height of the surface of = 2.1 Ä, which is in the range normally 
seen for metal surfaces (Robinson, 1986). 

In order to elucidate the effect of the surface roughness we have addition-
ally plotted the calculated rod intensities for β = 0.0 and β = 0.20. The 
influence of the surface roughness is most prominent at the out of phase 
condition between the Bragg-peaks, whereas the curves converge close to 
the Bragg-peak. 
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IV. CTR-analysis of K/Cu(100) 
After measuring the CTR-intensities of the clean Cu(100) surface in the 
first experiment about 0.14 M L potassium were evaporated and the data 
acquisition was repeated immediately using the identical diffractometer 
settings used for the measurement of the uncovered sample. 

In Fig. 5 the squares represent the ratios between the integrated intensi-
ties of the potassium covered and the uncovered sample for the (101), and 
the (201), rod. The adsorbed potassium atoms modulate the C T R intensities 
by up to 30%. The analysis of the intensity ratio is considerably more 
accurate than considering the measured intensities only, since the geometric 
correction factors cancel. The adsorbed potassium atoms are taken into 
account by coherently adding their scattering amplitude to the scattering 
amplitude of the underlying bulk substrate crystal. The total intensity is 
given by: 

The first term represents the scattered amplitude of the clean Cu(100) 
sample. The structure factor F^i of the unit cell is given by the numerator, 
where / C u is the atomic scattering factor o f Cu. In the second term / K 

and Θκ represent the scattering factor o f potassium and the coverage, 
respectively. The factor exp [ι2π(Αχ + ky + Iz)] contains the information 
about the potassium adsorption site given in fractional coordinates (jc, y, 
z) within the unit cell. From this it can be seen that besides the determination 
of the alkali adsorption height, dl = z c 0 , the analysis o f the (101), rod 
allows to distinguish between high symmetry sites such as fourfold hollow-
(x = 1/2, y = 1/2, z), on-top- (x = 0, y = 0, z) and the bridge sites (x = 0, 
y = 1/2, z), ( x = i / 2 , y = 0, z). This is not possible using the (201), rod, where 
only the alkali adsorption height can be deduced. 

In Fig. 5 the solid lines correspond to the calculated intensity ratios 
assuming Θ = 0.14 M L potassium to be randomly adsorbed in the fourfold 
hollow sites at dL = 2.20 Ä (z = 0.61, c0 = 3.61 A) above the first Cu(100) 
layer. Additionally we allowed the substrate interlayer relaxation Ad 2 i to 
change from Ad23 = + 1 . 7 % reported for the uncovered sample (Davis 
and Noonan, 1983) to Ad13 = 0 upon potassium adsorption. The interlayer 
relaxation Δάϊ 2 was kept constant at Ad12 = —1.1%. The values are given 
relative to the bulk layer spacing of d = 1.808 Ä. Using these structure 
parameters for both data sets we obtain (unweighted) residuals of Ru = 
9.9% and Ru = 12.2% for the (101), and the (201), rod, respectively. 

The adsorbate structure is shown schematically in Fig. 6 illustrating the 
potassium and copper atoms as hard spheres. For comparison the effective 
atomic radii of copper and potassium as well as the effective ionic radius 
of potassium are shown (Pauling, 1960). Within the hardsphere model from 

/ c ( l + e i n ( h + k + , ) ) 

1 - e~i2" 

2 

/(hk/) = + f K e K e i 2 * ( H x * k y + U ) . (4) 
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Fig. 5. Intensity ratios between the covered (0.14 ML) and the uncovered Cu(100) surface 
measured for the (101), and the (201), truncation rod. The solid lines correspond to 
calculations assuming adsorption of potassium in fourfold hollow sites at dl = 2.20 Ä 
above the first Cu layer. At large / the fits are slightly improved by assuming a change of 
the interlayer spacing d23 from Ad23 = + 1.7% for the uncovered sample to 0d23 = 0% 
for the covered sample. The interlayer spacing di2 has been kept constant at Adx2 = 
— 1.1%. The values are given relative to the bulk spacing 1.808 Ä. 

d± the effective radius reff of the adsorbate can be evaluated provided that 
the radius of the copper atoms at the surface is given by the atomic radius 
of 1.27 Ä. 

We do not want to imply that the adatom charge distribution is spherical. 
However, the effective radius is useful for making bond length comparisons. 
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Fig. 6. Model of fourfold hollow adsorption of Κ on Cu(100) on top view (upper panel) 
and side view (lower panel) for about 0.14 ML coverage. The primitive surface unit cell 
is indicated in the upper left. The Κ atoms are assumed to be randomly dispersed over 
the surface due to mutual electrostatic repulsion. Within the hard sphere model the 
derived adsorption height d^ = 2.1(4) Ä corresponds to an effective potassium radius of 
1.5(3) Ä, close to the effective ionic radius (1.33 A). Adsorption of atomic K. gives d± = 
3.17 Ä which is far outside the error bars of the measurements. The interlayer spacings 
d\2 and d23 are very little affected by Κ adsorption and nearly correspond to the bulk 
spacing. 
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Fig. 7. Calculated intensity ratios for the (201), truncation rod. The solid line is identical 
with the fit shown in Fig. 5 corresponding to = 2.20 Α, Adi2 = —1.1% and Ad2i = 
0% for the covered sample. The dotted line represents the calculation using di = 3.17 Ä 
corresponding to adsorption of atomic potassium in fourfold hollow sites (see Fig. 6). 
The alkali adsorption height can be estimated directly by the oscillation frequency (see 
text). The dashed line is calculated with the same parameters used for the solid line except 
Ad2i = + 1.7% instead of 0%. Changing the interlayer relaxation upon potassium 
adsorption induces an asymmetry of the truncation rod intensity relative to the Bragg-
points. 

Using the fourfold hollow adsorption the agreement between experiment 
and simulation is reasonably well for both truncation rods. Note that at 
the Bragg-peaks (101), and (200), the intensity ratio must pass through the 
value R = 1.0, since all substrate layers scatter in phase and the effect of 
the potassium atoms becomes negligibly small. 

Allowing for a variation of dl the agreement between experiment and 
calculation can be slightly improved for the (101), rod (optimum value Ru = 
8.0% for dL = 1.90 Ä), however for (201), rod the agreement becomes 
worse. Additionally, including small changes of the interlayer spacings 
slightly improves both fits, especially at high qz. For example, assuming no 
changes of dl2 and d23 upon Κ adsorption leads to Ru = 10.5% for the 
(101), rod. We do not consider this as a clear indication for a change of the 
interlayer spacings. 

The detailed consideration of all data set and the corresponding error 
bars lead to dL = 2.1(4) Ä corresponding to reff = 1.5(3) Ä which is close 
to the effective ionic radius of 1.33 Ä as shown in Fig. 6. If the potassium 
atoms were adsorbed with the atomic radius, the adsorption height would 
be 3.17 Ä, far outside the error bar. 

Increasing dL increases the oscillation frequency of the intensity ratio as 
a function of / due to the factor e'2nlz. This is shown in Fig. 7 using the 
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(201), rod as example. The solid line represents the calculated intensity ratio 
shown previously in Fig. 5 assuming dL = 2.20 A, Ad23 = 0, Adl2 — 
-1 .1% and Θ = 0.14 ML (Ru = 12.2%), whereas the dotted line is 
calculated for d1 = 3.17 Ä keeping the other parameters constant. In this 
case the agreement with the experiment is much worse (Ru = 24.8%). 

The alkali height can be estimated directly from the curves by considering 
the position of the first minimum of the oscillations, /min which corresponds 
to the antiphase condition of the adsorbate scattering amplitude, e'2",z = 
- 1 . Therefore, z = 1/(2x /min). 

For the solid line /min is about 0.8 corresponding to d1 = 2.25 A, whereas 
for the dotted curve we roughtly obtain from the plot /min « 0.55 leading 
to dL = 3.28 A. It should be noted that simultaneous changes of the 
interlayer spacings have influence on the oscillations which are important 
at large /. This is illustrated by the dashed curve representing the intensity 
ratio for dL = 2.20 A and assuming no changes of the interlayer spacings 
upon potassium adsorption. Stated differently, the difference between the 
dashed and the solid curve is the value for d2 3 after potassium adsorption. 
It is 1.839 A for the dashed curve (Ru = 14.5%) and 1.808 A for the 
solid curve (Ru = 12.2%). The interlayer relaxation generally induces an 
asymmetric modulation of the truncation rod intensity relative to the Bragg 
points (Robinson, 1991). However, the modulation is only important at 
large momentum transfers qz = l c* and is confined to about 10—15% if 
reasonable relaxations « 1 —2% are assumed. Nevertheless, taking into 
account the substrate relaxation may be important to fit the data correctly 
at large /. For this reason the determination of di from the intensity oscil-
lations is at least influenced at / < 1 (see Fig. 7) but this may seriously limit 
its accuracy. 

One more parameter to consider is the coverage Θ which is linear in the 
scattered amplitude. From the AES measurements Θ is calibrated and is 
therefore fixed within 10 — 15%. The effect of increasing (decreasing) Θ is 
to increase (decrease) the amplitude of the oscillations around the ratio 
R = 1. 

In order to fit the experimental data all these parameters can be continu-
ously varied, where the calculated intensity ratio linearly responds to the 
variation. However, changing the lateral adsorption site has a dramatic 
effect on the intensity ratio for the (101), rod. In Fig. 8 we show as filled 
squares the measured (101), intensity ratio of Θ = 0.30 ML potassium 
evaporated on Cu(100). Additionally we have plotted as solid line the 
calculated intensity ratio assuming on-top adsorption (x = 0, y = 0, 2) at 
dL = 2.40 A and allowing for an 1% expansion of d12 and d23 relative to 
the bulk (Ru = 13%). In contrast to the fourfold hollow site adsorption we 
observe at low / an increase of the scattered intensity relative to the un-
covered sample. 
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Fig. 8. Measured (101), truncation rod intensity ratio for about 0.3 M L potassium on 
Cu(100) relative to the uncovered sample. The solid line is a fit assuming on-top adsorp-
tion at dL = 2.40 A and Adl2 = Ad23 = 1 - 2 % . 
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The differences between the calculated intensity ratios for fourfold hol-
low- and on-top site adsorption can be understood in a straightforward 
way. We will explain this for one specific example: At / = 0 there is a phase 
shift of π between the scattering phases between fourfold hollow and on-
top adsorption. From Eq. (4) follows that the amplitude F100 of the uncovered 
substrate is fcJ 2. The perfect continuation of the crystal, i.e. "adsorption" 
οΓΘ = 1 ML Cu in the fourfold hollow position (1/2,1/2,1/2) gives 710o = 
L/cu/2 + / C u e""h +"+ '>12 = [fcJ2 - /cu 12 meaning that there is no change of 
the scattered intensity as expected. However, adsorption of Θ = 0.14 ML 
potassium at (1 /2,1 jl, 1/2) leads to Ii00 = [fcJ2 — 0.14/K |2 corresponding 
to a 30% intensity reduction if the scattering factors for the (100) reflection, 
feu = 23.7 and/K = 13.9, are taken into account (Cromer and Waber, 1974). 

On the other hand the adsorption of about 0.30 ML potassium at the 
on-top site (0, 0, z) gives 7100 = l/cu/2 + 0.30 fK ei2«lz\2 = [fcJ2 + 0.30 
fK\2 which corresponds to an about 80% increase of the intensity relative 
to the uncovered sample. This is what we observe. In this context it is to note 
that at 0.30 ML we observed the formation of an ordered incommensurate 
overlayer structure between the commensurate phases labeled CI and C2 
by Aruga et al. (1985). Therefore the picture of potassium atoms occupying 
uniquely on-top sites is not strictly justified and for the detailed analysis a 
more sophisticated theoretical approach has to be applied which takes into 
account the modulation of the adsorbate layer (Toney, Gordon, Samant, 
Borges, Melroy, Kau, Wiesler, Yee and Sorensen, 1990). This will be dis-
cussed in a separate paper. 
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Fig. 9. Schematic view of the on-top adsorption site. The minimum adsorption height is 
dL — 2.60 Ä assuming a covalent copper and a ionic potassium effective radius. 

Nevertheless, the change of the scattering phase of the adsorbate relative 
to the substrate is a clear indication for the adsorbate changing site from 
fourfold hollow at low coverage to partially on-top at high coverage. 

The on-top site is schematically illustrated in Fig. 9. Taking into account 
the radii of copper and of potassium (Pauling, 1960; Somoijai and Van 
Hove, 1979) the minimum adsorption height is d1 2.60 A corresponding to 
the sum of the covalent copper and the ionic potassium radius. This is not 
in contradiction with the determined adsorption height dL since the latter 
value represents an average over different sites. 

Besides the fourfold hollow and the on-top sites we considered different 
adsorption sites such as bridge sites (x = 0, y = 1 /2), (x = 1 /2, y = 0) as well 
as substitutional adsorption. None of them could be correlated with any of 
the experimental data. 

Lateral relaxations of substrate atoms next to the adsorbate were ad-
ditionally included into the calculations. A significant influence on the 
calculated intensity ratios was only observable assuming lateral shifts larger 
than about 0.1 Ä. Consequently, this value represents an upper limit. 

Finally, the observed intensity modulations cannot be explained by an 
increase of the surface roughness only, since this would lead to an intensity 
reduction on both sides relative to the Bragg-peak (see Fig. 3). In the 
present case we have assumed that the surface roughness is not influenced 
by the potassium adsorption. 

V. Discussion and conclusions 
In the previous section we have shown that potassium atoms adsorbed on 
Cu(100) in the coverage regime below 0.18 ML occupy fourfold hollow 
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sites at about d = 2.1(4)Ä above the first Cu(100) layer. The application 
of the hard sphere model leads to an effective potassium radius rcff = 
1.5(3) Ä. This result suggests that the potassium atoms are adsorbed with 
an efTective charge of almost + 1. Within our experimental accuracy the 
substrate interlayer spacings are almost not influenced by the potassium 
adsorption. This is in agreement with other investigations (e.g. Over et al., 
1992; Muschiol et al., 1992; Eggeling et al., 1989). 

The model of the atomic structure discussed in the previous section is 
consistent with investigations performed so far on the electronic structure 
of low coverages of alkali metals on metal substrates. Present models 
(Aruga et al., 1984, 1985, 1986) suggest that the potassium atoms are 
randomly dispersed on the Cu(100) surface due to their mutual repulsion 
resulting from their partial positive charging. 

Generally, the formation of ordered overlayers is influenced by the 
interplay between the adsorbate-adsorbate and the adsorbate-substrate 
interaction. Depending on the relative strength of these interactions AM/ 
metal adsorbate systems are known to form commensurate and incommen-
surate phases, the latter only at high coverages close to the completion of 
a full monolayer, where a metallized alkali layer has been formed (Bonzel, 
Bradshaw and Ertl, 1989). In this coverage regime the adsorbate-adsorbate 
interaction tending to form close packed hexagonal layers dominates over 
the adsorbate-substrate interaction trying to pull the adsorbate atoms into 
high symmetry sites. 

In contrast, at very low coverages the Coulomb interaction between 
the positively charged ions maximizes the mutual distance between the 
adsorbate atoms and the corrugation of the substrate potential determines 
sorption site which usually are sites with high coordination. In Table 1 we 
have summarized the results of previous investigations on AM adsorption 
on metals which are mostly confined to LEED investigations on ordered 
superstructures above Θ > 0.2 ML. 

At first it is to note that in all cases AM adsorbed on fee (100) surfaces 
occupy fourfold hollow sites (Ref. b, g, k, 1). On the other hand recent 
investigations have determined "unusual" on-top sites for p{2 χ 2) struc-
tures on (111) surfaces (Ref. c, d, h) as well as a substitutional mechanism 
(Ref. m). 

Over et al. (1992) suggest at Θ = 0.25 ML the on-top site to be favored 
over the hollow site due to a more effective screening of the dipole-dipole 
repulsion between the adatoms by one substrate atom located directly 
between the adatoms. The same mechanism applies for the hep threefold 
hollow site adsorption observed at Θ = 0.33 ML. The inherently less 
favorable top site may become preferred due to the dipole screening. In 
this context the knowledge about the degree of charge transfer is highly 
desirable. 
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Table 1. Previous structural determinations for alkali metal adsorption on unreconstruc-
ted metallic surfaces. 

System Cov. 
(ML) 

Site Method r, ft ''ion înei. Ref. 

Cs /Ag( l l l ) 0.15 _ SEXAFS 1.76( 3) 1.67 2.68 (a) 
Cs/Rh(100)-c(4 χ 2) 0.25 Hollow LEED 2.10( 6) 1.67 2.68 (b) 
CS/RU(0001)/7(2X2) 0.25 Top LEED 1.90( 8) 1.67 2.68 (c) 
Cs/Cu(ll l)/>(2 χ 2) 0.25 Top LEED 1.73( 5) 1.67 2.68 (d) 
Cs/Ag(l 11) 0.30 SEXAFS 2.06( 3) 1.67 2.68 (a) 
Cs/Ru(0001) 0^3 χ 1̂ 3) 0.33 Hollow LEED 2.17( 2) 1.67 2.68 (c) 
R30° 
Cs/Rh(100) (1/5x1/5) 0.40 Hollow LEED 2.12 1.67 2.68 (e) 
R arc tan 0.5 — 2 Cs and Top 
Cs/Rh(100) 
c[2l/2 χ 2l/(2/3)]R45° 

0.43 Incoimn. LEED 2.20 1.67 2.68 (e) 

K/Cu(100) 0.14 Hollow X-RAY 1.5 ( 3) 1.33 2.38 (0 
K/Ni(100)c(4x2) 0.25 Hollow LEED 1.96( 5) 1.33 2.38 (g) 
K/Ni( l l l )p(2 χ 2) 0.25 Top LEED 1.57( 3) 1.33 2.38 (h) 
K/Co(100)c(2x2) 0.50 Hollow LEED 1.87( 5) 1.33 2.38 (0 
Na/Ni(100)c(2 χ 2) 0.25 Hollow LEED 

PED 
1.59(10) 0.97 1.91 0 0 

Na/Al(100)c(2x2) 0.25 Hollow LEED 1.43( 7) 0.97 1.91 0) 
Na /Al ( l l l ) (V^x) /3 ) 0.33 Subst. SEXAFS 1.88( 3) 0.97 1.91 (m) 
R30° 

Lamble et al. (1989) 
Eggeling et al. (1989) 
Over et al. (1992) 
Lindgren et al. (1983) 
Besold et al. (1987) 
present work 

Muschiol et al. (1992) 
Fisher et al. (1992) 
Bames et al. (1991) 
Demuth et al. (1975); Smith et al. (1980) 
Hutchins et al. (1976) 
Schmalz et al. (1991) 

Valuable informations about the charge transfer is provided by the 
analysis of the effective adsorbate radius as a function of coverage. One 
should keep in mind that when considering the system of effective radii 
always the coordination number has to be taken into account. It is well 
known that, for ionic bonding, a decrease of the coordination number from 
4 [fourfold hollow on (100)] to 3 [hep-threefold hollow on (111)] to 1 (on-
top) results in a decreasing effective radius by about 0.1 A and 0.4 A, 
respectively (Kittel, 1986). 

Therefore the effective radii derived for the systems c(4 χ 2)K/Ni(100), 
p{2 χ 2)K/Ni(lll) and c(2 χ 2)K/Co(100) [1.96(5) A, 1.57(3) A and 
1.87(5) A] are in agreement if the results are properly corrected for the 
coordination. This applies for the Cs and Na adsorbate systems as well. 

As a result of the considerations we can state that there is a tendency 
for an increasing effective radius with increasing coverage. The only mea-
surements performed so far on AM/metal systems at coverages lower than 
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0.20 ML, namely Cs/Ag(lll) investigated by Lamble et al. (1988) using 
SEXAFS and the present work on K/Cu(100), reveal the lowest effective 
radii for the adsorbed alkali atom, which are close to the effective ionic 
radii. In contrast, the effective radii derived at coverages Θ > 0.2 ML are 
halfway between the ionic and the metallic radii or even closer to the 
metallic radii. Lamble et al. additionally observe an increase of reff by 
0.3 A with increasing coverage, however, they were not able to derive the 
adsorption sites. 

The second result of our investigations is the observation of the potassi-
um atoms changing site from fourfold hollow at Θ < 0.18 ML to partially 
on-top at Θ a 0.30 ML. In order to explain this observation we may 
speculate that due to the metallisation of the overlayer the lateral adsorbate-
adsorbate interaction dominates over the adsorbate-substrate interaction 
making the substrate corrugation potential less important for the hollow 
site occupation. 

However, more information about the overlayer structure requires the 
analysis of the spatial modulation of the adsorbate layer. This will be 
discussed in a separate paper. 

VI. Summary 

We have shown how X-ray scattering which usually is a bulk probe can be 
made surface sensitive by the measurement of the intensity variation along 
the diffuse rods normal to the sample surface which arise due to the 
termination of the crystal. The analysis of an adsorption site does not 
require the formation of an ordered overlayer structure provided equivalent 
sites are occupied. 

The present structure analysis on the adsorption of Κ on Cu(100) below 
0.18 ML gave evidence for the occupation of fourfold hollow sites at dL = 
2.1(4) A above the Cu(100) surface. Using the hardsphere model this corre-
sponds to an effective radius of 1.5(3) A for the Κ adsorbate which is close 
to the effective ionic radius of Κ (1.33 A). This result strongly supports the 
charge transfer model of alkali adsorption at low coverages. 

The comparison with previous structure analyses which are concerned 
with ordered overlayers only (Θ > 0.2 ML) gives an indication for a cover-
age dependent effective adsorbate radius and confirms the model of charge 
back donation and overlayer metallisation above about 0.2 ML. After 
adsorption of about 0.30 ML potassium an incommensurate quasi-
hexagonal overlayer forms that has been reported previously. We observed 
a tendency of the adatoms to occupy on-top sites which can be explained 
by the increased lateral adsorbate interaction which dominates over the 
substrate corrugation potential. 
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