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The geometric structures of K/Si(001)(231) and Cs/Si(001)(231) formed at room temperature have been
investigated using surface x-ray diffraction. The analysis of the intensity distribution along both half-order and
integer-order reciprocal-lattice rods~135 and 113 independent reflections in total for K and Cs, respectively!
indicates that at saturation coverage in both cases the alkali metal (A) adsorbs in two different sites. The
average adsorption sites on the clean Si surface are at the dimer bridge site on top of the dimer rows, and at the
valley bridge site in the groove between the Si dimers. Actually, the dimerization is~at least partially! lifted
upon A adsorption. There is no evidence for a largez disorder of the top-layer Si atoms, which would be
characteristic of an asymmetry of the Si-Si dimer. We derive K-Si bonding lengths in the range between 2.90
and 3.58 Å, and Cs-Si bonding lengths between 3.33 and 3.50 Å. The minimum bond lengths are at most 11%
lower than values found in bulk KSi and CsSi. This can be interpreted by the formation of a weak covalent
bond. In order to obtain good fits to the data, up to four layers of the Si substrate have to be included into the
refinement. The Si-Si distances do not deviate by more than 5–10 % from the bulk Si-Si bond length~2.35 Å!.
The only significant difference between the K and Cs adsorption structures is found for the alkali saturation
coverage. For K we find a coverage of 1.2 ML, whereas only 0.3 ML is found for Cs.
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I. INTRODUCTION

The adsorption of alkali metals~A’s! on Si(001)(231) is
one prominent subject in surface science.1–3 It serves as a
prototype to study the chemisorption and metallization o
semiconductor surface. One of the most important feature
A adsorption is the lowering of the substrate work functi
and the promotion of surface chemical reactions such as
oxidation of Si.4,5 Despite the simplicity of theA electronic
structures, and the detailed knowledge of t
(231)-reconstructed Si~001! surface, there is still consider
able controversy about many details of theA/Si(001)(2
31) adsorption geometry as well as about the electro
structure. Figure 1~a! shows, in top view, the
(231)-reconstructed Si~001! surface. Large and small ope
circles represent first-layer dimer atoms and second-laye
atoms labeled by Si~1! and Si~2!, respectively. The (231)
unit cell is indicated by the dashed rectangle, where tha
andb axes of the unit cell are parallel to the@11̄0# and@110#
directions of the bulk Si lattice.6 The capital letters labe
high-symmetry alkali adsorption sites, namely,P ~pedestal!,
D ~dimer bridge!, T ~top!, T3 ~top third Si layer!, and T4
~top fourth Si layer!. The latter are also commonly referre
to as valley bridge (T3) and cave site (T4) in the literature.
Almost all these sites, as well as combinations of them, h
been suggested on the basis of a wide spectrum of sur
science techniques. Considerable controversy about the
PRB 580163-1829/98/58~4!/2118~8!/$15.00
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sults still exists. In our previous investigation of the alka
adsorption on Ge(001)(231),7 we gave an overview; there
fore we discuss here only some important results publis
so far.

In 1973, Levine8 suggested theP site for Cs/Si(001)(2
31) corresponding to a metallic overlayer and a saturat
coverage of 0.5 ML. 1 ML corresponds to two alkali atom
per (231) unit cell, which means a coverage of 6.7
31014 atoms/cm2. On the basis of angular-resolved ultravi
let photoelectron spectroscopy~ARUPS! data, Entaet al.
concluded the K/Si(001)(231) surface to be
semiconducting.9 In this context according to x-ray photo
electron diffraction data, Abukawa and Kono10 proposed the
‘‘double-layer model’’ for K and Cs with simultaneous ad
sorption of the alkali atoms inT3 and P and a saturation
coverage of 1 ML. This structure model has found consid
able support through experimental as well as theoret
investigations.11–17 However, studies using low-energ
electron-diffraction~LEED! by Urano and co-workers18,19

could not unambiguously discriminate between single- a
double-layer models for K and Cs. The nature of theA-Si
bond also is controversial. A mainly ionic bond for K o
Si(001)(231) and a saturation coverage of 1 ML was pr
posed by Batra,20 but other authors favored the picture of
~weak! polarized covalent bond and a metallic surface.21,22

The most recent high-resolution core-level spectroscopy
ARUPS experiments on K and Cs on Si~001! ~Refs. 23–25!
2118 © 1998 The American Physical Society
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suggested two differentA adsorption sites and a metall
surface at saturation coverage. Moreover, the saturation
erage is also under controversy. Whereas Asensioet al.5 as
well as Soukiassianet al.26 proposed a saturation coverage
only 0.5 ML for K, the authors of Refs. 27, 28, and 1
determined a saturation coverage of 1 ML. The latter auth
also found a 1-ML saturation coverage for Cs
Si(001)(231).

Most surface structural analytical tools applied so far
the A/Si(001)-(231) interfaces rely on a delicate interpr
tation of the measured data. On the other hand, surfac
ray-diffraction ~SXRD! intensities can be analyzed on th
basis of the single scattering theory.29 However, the SXRD
technique demands a high surface long-range order. In
previous investigation of theA/Ge(001)(231) system,7,30

we showed that Na, K, and Cs adsorb atT3 and at an off-
centeredT4 position, with a saturation coverage in the 0.6
0.7-ML range in all cases. Although the bulk structures
ASi andAGe ~A5K, Rb, Cs! are isotypic31–34 and a very
similar behavior of the systems Cs/Si(001)(231) and
Cs/Ge(001)(231) has been observed using x-ray photoel
tron spectroscopy,35 the surface geometric structures of t
A/Si(001)(231) phases might be different from those o

FIG. 1. ~a! Schematic view of the (231)-reconstructed Si~001!
surface projected along@001#. Large and small open circles labele
by Si~1! and Si~2! represent top- and second-layer Si atoms, resp
tively. The (231) unit cell is shown dashed. High-symmetry a
sorption sites are indicated byD ~dimer bridge!, P ~pedestal!, T
~top!, T3 ~top third layer!, and T4 ~top fourth layer!. ~b!
Z-projected electron-density contour plot calculated on the basi
the uFhk0u for Cs/Si(001)(231). Apart from the maxima related to
Si~1! and Si~2! additional Cs-related maxima can be identified. The
are labeled byD, aD, andaT3, where the prefix ‘‘a’’ indicates an
asymmetric site in the vicinity of the high-symmetric site.~c!
Electron-density contour plot for K/Si(001)(231) as in~b!.
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Ge(001)(231). In this paper we will show that this is in
deed the case. In the following sections the experime
details and the results will be discussed in detail.

II. EXPERIMENT

The experiments were performed using a six-circle UH
diffractometer at the superconducting wiggler beaml
DW12 of the storage ring at LURE~Orsay, France!. Prior to
transferring the n-doped Si~001! samples ~size 12312
33 mm3! into the UHV chamber, they where cleaned by t
Shiraki chemical etch method.36 In UHV the sample was
slowly annealed up to about 900 °C to remove the ox
layer. After cooling down, a sharp two domain (231)
LEED pattern could be observed. The high surface qua
was also attested by the SXRD measurements. We use
cused radiation at a wavelength of 0.887 Å while alwa
keeping the sample under total reflection conditions. In
grated intensities were collected by an energy dispersive
tector by rotating the sample around its surface norma29

The full width at half maximum of the (32 0 0) superlattice
reflection was measured equal to 0.045°, equivalent toDq
51.9331023 Å 21 ~including the factor 2p!, which corre-
sponds to a terrace width of about 3000 Å. Deposition of
and K was achieved by thoroughly degassed SAES disp
ers, thereby keeping the pressure in the mid-10210-mbar
range. Simultaneously toA deposition, we monitored the

( 3
2 0 0) superlattice reflection, which in the case of K and

saturated at an intensity level twice the value measured w
the uncovered samples. It should be emphasized that in
paper this coverage is identified with ‘‘saturation coverage

For the three-dimensional analysis of the adsorbate st
tures, both superlattice and crystal truncation rods~CTR’s!
were measured up to a normal momentum transferqz52.6
reciprocal lattice units~rlu!, equivalent to 3.01 Å21. The re-
producibility of symmetry-equivalent in-plane structure fa
tor intensities,uFhk0u2, was used to estimate the overall sy
tematic errors. We determined average agreement factor
the uFhk0u2 values in the range between 11% and 8
~Ref. 29! for the different data sets@two data sets for
K/Si(001) (231), one for Cs/Si(001)(231)#. Table I lists
the uFhk0u2 and their standard deviations~s! derived by tak-
ing the quadratic sum over systematic and statistical erro29

The reflection indices are related to the (231) superlattice
cell, and the intensities are normalized to the~300! reflection
to allow comparison. It can be seen directly that t
K/Si(001)(231) intensity data of the first data set are fair
well reproduced in the second one. It should be noted tha
data sets are completely independent of one another, in
in each case a new sample, a new preparation, and a
sample alignment has been used. For the out-of-plane d
the reproducibility is not that excellent, but still in the rang
below 15–20 % as derived from symmetry-equivalent rod

III. RESULTS AND DISCUSSION

The three-dimensional analysis was performed by fitt
the experimental data sets~fractional rods and integer orde
CTR’s! to structural models using thez-projected electron
densities derived from the in-plane data,uFhk0u2, as starting
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TABLE I. Comparison of observed and calculated in-plane (hk0) structure factor intensities fo
K/Si(001)(231) ~sample Nos. 1 and 2! and Cs/Si(001)(231). The reflection indices are related to th
(231) unit cell, and the intensities are normalized to the~300! reflection for better comparison. TheuFcalu2

are calculated on the basis of the best fit models~see Tables II and III!. For each reflection,s represents its
standard deviation.N is the number of measured in-plane reflections, andI is the number of symmetry
independent reflections of the in-plane data set.Ru(uFu2) is the unweighted residuum of the fits.

K/Si(001)(231) Cs/Si(001)(231)
Sample No. 1 Sample No. 2

hkl uFobsu2 s uFcalu2 uFobsu2 s uFcalu2 uFobsu2 s uFcalu2

100 23.31 2.79 23.52 24.96 2.34 25.80 1.82 0.78 3.
110 65.08 7.66 65.37 63.65 5.95 64.37 110.22 9.04 110
300 100.00 11.76 99.67 100.00 9.33 99.04 100.00 8.26 101
310 0.97 0.41 3.21 1.36 0.65 2.54 1.24 1.33 0.5
120 18.80 2.28 16.07 16.72 1.63 13.10 24.10 3.33 20.
320 108.76 12.81 109.21 108.09 10.13 107.71 61.56 5.29 57
500 94.98 11.20 95.57 72.94 6.84 71.69 58.03 6.04 59.
510 3.86 0.62 6.36 2.41 0.67 6.06 7.45 2.16 3.3
520 5.40 0.92 6.86 2.88 0.72 1.12
130 3.07 0.66 4.93 2.41 0.51 2.49 3.79 2.36 11.0
330 3.81 0.89 6.30 4.63 4.60 3.71
530 8.37 1.22 11.15 6.66 1.15 10.16
700 6.72 0.92 6.34 3.69 0.71 3.37 2.45 2.94 1.8
710 19.34 2.36 17.04 18.35 1.90 15.87 29.23 4.80 24.
720 8.93 1.30 7.82 12.15 1.67 5.84 2.71 2.87 9.1
730 2.28 2.60 3.91 1.80 1.80 2.95
140 30.31 3.73 27.63 27.69 2.97 28.52 26.52 7.21 29.
340 49.99 6.05 50.28 51.97 5.12 50.58
540 10.60 2.92 7.57 5.17 1.75 5.01
740 2.09 2.10 1.50
900 2.61 1.67 1.39 6.00 6.03 1.84
910 3.02 3.03 3.73

N 54 48 31
I 19 22 14
Ru(uFu2) 4.98% 7.82% 9.09%
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models. These were derived from the calculation of
Patterson function and from difference Fourier synthese
the same way as discussed in our previous work
A/Ge(001)(231).7 Figures. 1~b! and 1~c! show thez pro-
jected electron densitiesr(x,y) of the Cs/Si and K/Si inter-
face at saturation coverage calculated on the basis of the
in-plane fit model using the corresponding calculated pha
ahk0

calc.29 The comparison with the clean Si(001)(231) struc-
ture model in Fig. 1~a! allows one to identify the electron
density coming from Si~1! and Si~2!, and the additional den
sities around the positionsD and T3. Asymmetric sites are
labeled by the prefixa. These structure models can be cla
sified in the group ‘‘double-layer model,’’ but with the com
binationD/T3 instead ofP/T3 as most frequently suggeste
in the literature.

Figure 2 compares some rods measured
Cs/Si(001)(231) and K/Si(001)(231). The measured
structure factor amplitudesuFu are represented by the sym
bols; the calculated amplitudes on the basis of the fi
model are shown by the solid lines. A direct comparis
shows that some differences exist between the K and
adsorbate structures which are also evident from the in-p
e
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data. The overall agreement between measured and c
lated uFu for the three-dimensional data sets
reasonably good as expressed by the unweighted residu
Ru510.9% for Cs/Si(001)(231) and 8.9% for K/Si(001)
3(231).37 In the final models for K/Si(001)(231) and
Cs/Si(001)(231), we used 26 and 14 structural paramet
~including the atomic displacement factors describing
disorder; see below!, respectively, which are still in a reason
able proportion with respect to the number of measured
flections~134 and 113!. The structure parameters are liste
in Tables II and III. Figures 3 and 4 show schematically
top and side views the final structure models. The atoms
labeled according to Tables II and III; theA atoms are shown
as hatched circles, where their relative size approxima
corresponds to theA occupation factors. Significant disorde
is emphasized by ellipses as shown for Si~1!, and for some
A’s. Several results can be summarized.

~1! In both systems the mainA adsorption sites are at~or
close to! the dimer bridge siteD in Fig. 1~a! and at the site
T3 above the third-layer Si atom in the center of t
(231) unit cell. These basic structure models are direc
evident from the inspection of the projected electron den
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FIG. 2. Measured~symbols! and calculated~lines! structure factor amplitudes along several superlattice and crystal truncation rod
Cs/Si~001!~231! and K/Si~001!~231!.
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ties. However, in order to obtain good fits, it is necessary
introduce considerable disorder for the adatoms and the
substrate atoms. The disorder can be taken into accoun
~anisotropic! atomic displacement factors~ADP’s! as well as
by split positions. Without temperature-dependent meas
ments it is not possible to distinguish between dynamic
static disorder; therefore the term ADP is commonly use38

In the case of a K/Si(001)(231) system andD-site adsorp-
tion site it is the best choice to use a combination of the s
position description and an anisotropic ADP. The asymm
ric site is labeled by ‘‘aD. ’’ For the T3 site, the smearing
out of the electron density visible in Fig. 1 can only a
equately be modeled by low occupied additional si
(a1T3, a2T3) aroundT3. In the case of Cs/Si(001)(231)
a combined description using split positions and ADP’s
also necessary. The occupation of the off-centered sitesaT3
andaD is also directly evident from the projected structu
shown in Fig. 1~b!. We can summarize that the occupation
the sitesD, aD andT3, aT3 with large disorder is a com
mon feature of both systems, except that the disorde
higher in the K case.

One important difference between K and Cs is that
observe an additional asymmetric K-adsorption site in
vicinity of the top-layer Si atoms, although with low occu
o
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d
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t-
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pancy. This site is labeled bya1, and is also directly observ
able in the projected electron density in Fig. 1~c! as well as
in the Patterson function~not shown!. On first inspection this
site appears to be quite unusual, in that it does not fit at
into the classical scheme of coordination maximization a
high adsorption site symmetry. However, in the recent p
‘‘unusual’’ adsorption sites such as on-top or substitutio
sites have been reported forA’s on low index metal
surfaces.39,40 Theoretical calculations show that the occup
tion of these sites is a result of a delicate balance betw
different contributions to the total surface free energy.41 In
the present case we may speculate that basically similar
sons might account for the K adsorption in the sitea1, for
example, interaction with the Si dangling bonds in the pr
ence of additional K in the asymmetric sites aroundT3.

~2! The second main result is that the dimerization of t
top layer Si atoms (Si1) is ~at least partially! lifted upon A
adsorption. The positions of the Si~1! atoms along thea axis
of the (231) unit cell are refined to 0.24~3! and 0.22~3! for
Cs and K adsorption, respectively. This is close to the b
positionx50.25. Moreover, there is no evidence of a signi
cantz disorder which would be characteristic for asymmet
dimers such as determined in previous investigations
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TABLE II. Structure parameters for Cs/Si(001)(231) of the final model. Some distances in comparis
with corresponding bond lengths in bulk structures are listed below. Lattice constants:a057.68 Å, b0

53.84 Å, andc055.43 Å. Nonstructural parameters: two scale factors, roughness factorb50.156. 113
reflections:Ru50.109. Covalent Si-Si distance: 2.35 Å. Theoretical distances: Si-Cs0: 3.85 Å. Si-Cs1: 2.84
Å. Distances in bulk CsSi: Average distance 3.76 Å~minimum 3.56 Å! @see, e.g., E. Busmann, Z. Anorg
Allg. Chem.313, 91 ~1961!#. * B58p2U, whereU is the mean squared displacement amplitude.

Atom x y z ADP (Å2) Occupancy

Cs(D) 0.00a 0.00a 20.51(2) B513(5)* 0.04~1!

Cs(aD) 0.00a 0.24~2! 20.52(2) U1150.06(4) 0.11~3!

U2250.08(4)
U3350.35(10)

Cs(aT3) 0.50a 0.25~2! 20.49(2) U1150.10(3) 0.14~3!

U2250.23(5)
U3350.40(10)

Si1 0.24~3! 0.00a 0.00a U1150.20(10) 1.00a

U2250.01a

U3350.01a

Si2 0.25~2! 0.41~2! 0.14~2! B58(1) 0.50a

Si31 0.00a 0.50a 0.41~2! B57(5) 1.00a

Si32 0.50a 0.50a 0.41~2! B57(5) 1.00a

Interatomic distances~Å!, error'0.15– 0.30 Å

Cs(D)-Si1: 3.33
Cs(aD)-Si1: 3.50
Cs(aT3)-Si1: 3.46
Cs(aT3)-Si2: 4.04b

Si1-Si2: 2.07b

Si2-Si31: 2.44b

Si2-Si32: 2.44b

aFixed parameter during refinement.
bAverage distance over Si~2! split positions.
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clean and alkali-covered Ge(001)(231).7,30,42 We may
speculate that the relaxation of the Si dimerization is a c
sequence of the charge transfer from the adsorbedA’s to the
dangling bonds of the Si atoms. However, we observe c
siderable disorder of Si~1! along thea axis as expressed b
mean-squared displacements (U11) of 0.20 Å2. On the basis
of this result we tentatively assume that some fraction
symmetric dimers is still present, and that the large disor
is a result of the averaging over different configuratio
namely, symmetric dimers and Si atoms close to their b
positions. For example, in the case of a split position mo
for Si~1! which uses two Si positions along thea axis ~each
with occupancy 0.5 and fixedB50.6 Å2! the refinement
leads tox positions at 0.27~3! and 0.17~3!, the latter corre-
sponding to a Si-Si bond length of 2.61 Å. Although th
value is significantly larger than the bulk Si-Si distance~2.35
Å! it is still in the range to allow the interpretation that th
Si-Si dimer bond still exists.

Photoemission as well as structure investigations h
shown the influence of charge transfer on the dim
structures.21 In particular this has been suggested
K/Si(001)(231) ~Ref. 23! using XPS, but not for
Cs/Si(001)(231).24 In addition to the removal of the dime
asymmetry, Weiet al.43 determined a Si-Si bond relaxatio
upon Na adsorption. In their LEED analysis, they propose
model with Na adsorbed only in theP site, and a Si-Si dis-
-

n-
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,

lk
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a

tance of 2.64 Å. Our model is the presence of two config
rations, a~weakly bonded! symmetric Si-Si dimer and a fully
lifted Si dimerization, and might be related to the differe
and disorderedA adsorption sites on the surface.

~3! The A-Si~1! bond lengths are found to be somewh
lower than the corresponding bond lengths in the bulkASi
structures.31–34For Cs, we determine a minimum Cs-Si bon
length of 3.33~25! Å from theD site to Si~1! which has to be
compared with the minimum bond length in bulk CsSi~3.56
Å!. The Cs-Si~1! distances from the sitesaD and aT3 are
3.50~25! and 3.46~25! Å, respectively, i.e., in the range
found in bulk CsSi. The Cs adsorption in the asymmet
position aT3 might be explained with the formation of
covalent Cs-Si bond with the optimum length. This is b
cause a Cs-Si bond distance in the regime of 3.50 Å wit
Cs in T3 could only be realized with a lowerz value above
the surface (z50) than that derived for the Cs atom ataT3
~z50.49, corresponding to 2.66 Å above the surface!. Suit-
able reduction of thez parameter for a Cs atom atT3 would
not only lead to a considerable reduction of the distance
the second-layer Si atom (Si2) to about 3.3 Å, which might
be sterically less favorable, but also to a less favorable
entation of the Cs atom to the Si dangling bonds.

For K/Si(001)(231), we determine a comparativel
short K(aD)-Si~1! distance of 2.90~20! Å which has to be
compared with the minimum K-Si bond length of 3.34 Å



,

.

.

PRB 58 2123SURFACE X-RAY DIFFRACTION ON K/Si(001)(231) . . .
TABLE III. Structure parameters for K/Si~001!~231!. Lattice constants:a057.68 Å, b053.84 Å, and
c055.43 Å. Nonstructural parameters: two scale factors, roughness factorb50.120(30). 135 reflections
unweighted residuum,Ru50.089. Covalent Si-Si distance: 2.35 Å. Theoretical distances: Si-K0: 3.53 Å.
Si-K1: 2.50 Å. Distances in bulk KSi: average distance 3.48 Å~minimum 3.34 Å! @see, e.g., E. Busmann, Z
Anorg. Allg. Chem.313, 91 ~1961!#. * B58p2U, whereU is the mean-squared displacement amplitude

Atom x y z ADP (Å2) Occupancy

K(aD) 0.00a 0.20~3! 20.41(3) U1150.34(15) 0.25~3!

U2250.26(15)
U3350.15(5)

K(T3) 0.50a 0.50a 20.39(2) U1150.45(20) 0.50~5!

U2250.09(5)
U3350.40(20)

K(a1T3) 0.34~2! 0.32~4! 20.51(3) B52.0* ,a 0.10~4!

K(a2T3) 0.38~3! 0.17~3! 20.47(3) B52.0a 0.10~4!

K(a1) 0.16~2! 0.23~2! 20.53(3) B52.0a 0.14~4!

Si1 0.22~3! 0.00a 0.00a U1150.20(10) 1.00a

U2250.01a

U3350.01a

Si2 0.24~3! 0.50a 0.27~2! B53.0a 1.00a

Si31 0.00a 0.50a 0.43~2! B53.0a 1.00a

Si32 0.50a 0.50a 0.42~2! B53.0a 1.00a

Si41 0.00a 0.00a 0.74~2! B53.0a 1.00a

Si42 0.50a 0.00a 0.73~2! B50.9a 1.00a

Interatomic distances~Å!, error'0.15– 0.30 Å

K(aD)-Si1: 2.90
K(T3)-Si1: 3.58

K(a1T3)-Si1: 3.17
K(a2T3)-Si1: 2.91
K(a1)-Si1: 3.05
K(T3)-Si2 : 4.10

Si1-Si2: 2.42
Si2-Si31: 2.04
Si2-Si32: 2.16
Si31-Si41: 2.55
Si32-Si42: 2.55

aFixed parameter during refinement.
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KSi, and 3.30 Å in K8Si46 @there is also one report of
K6.8Si45.3 phase with a minimum K-Si bond length of 3.23
~Ref. 34!#. Although this is still well above the K-Si distanc
which would be obtained assuming a ionic K radius~2.50
Å!,44 it should be noted in general that due to the large d
order, interatomic distances might be underestimated in
present refinement due to the neglect of anharmonic~non
Gaussian! contributions in the ADP’s. Keeping this in mind
our results generally indicate shortestA-Si bonds which are
at most about 5–10 % shorter than the shortest bonds in
bulk ASi structures. Therefore, ourA-Si bond-length deter-
minations are in favor of the picture of a weak polariz
covalentA-Si bond.21,22 Finally, we comment on the Si-S
bonds in the second and deeper layers. Here we find in
eral that the Si-Si bond lengths in the first three layers do
deviate more than at most 5–10 % from the bulk Si-Si bo
length~2.35 Å!. This is comparable with the error bars of th
distance determination ('0.15– 0.30 Å). On the other hand
we determine two distances which are comparatively sh
-
e

he

n-
ot
d

rt,

namely, 2.05 and 2.06 Å~see Tables II and III!. However, as
in the case of theA’s, we observe quite large disorder for th
Si atoms as expressed byB factors in the range between
and 8 Å2 ~corresponding toU50.04– 0.10 Å2! which might
lead to some underestimation~up to about 0.05–0.10 Å! of
the interatomic distances. Thus we conclude that the S
bond lengths do not show significant changes as compare
the bulk distance, while the disorder is likely a conseque
of the A adsorption induced disorder of the top-layer Si
oms.

~4! The only significant difference between both syste
investigated is observed for the totalA ~saturation! coverage.
We determine only about 0.3~1! ML for Cs/Si(001)(231)
and 1.2~3! ML for K/Si(001)(231). Considerable contro
versy exists about theA saturation coverage in the literatur
The double-layer modelP/T3 ~Ref. 10! corresponds to a
coverage of 1 ML. This was confirmed by the medium
energy ion scattering study of Ref. 13, which for K and
yields a coverage close to 1 ML. However, oth
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investigations5,26 proposed a saturation coverage of 0.5 ML
Our previous SXRD experiments on Na, K, and Cs o
Ge(001)(231) ~Ref. 7! indicated saturation coverages in
the 0.6–0.7 ML regime. From the crystallochemical point o
view, a saturation coverage well below 1 ML appears to b
reasonable, especially for the larger adsorbate Cs, sinc
simultaneous full occupancy of two sites within the (231)

FIG. 3. Schematic drawing of the Cs/Si(001)(231) structure in
top ~a! and side~b! views as derived from the three-dimensiona
data. Hatched and open circles correspond to Cs and Si ato
respectively. The relative sizes of the hatched circles are prop
tional to the Cs occupation factors. The atoms are labeled accord
to Table II. Significant disorder is emphasized by ellipses such
for Si~1! ~in-plane! as well as for Cs(aD) and Cs(aT3) ~out of plane!.

FIG. 4. Schematic view of the K/Si(001)(231) structure as in
Fig. 3. The atoms are labeled according to Table III.
.

f
e

a

unit cell ~51 ML! appears not to be possible due to ste
reasons. One explanation for the controversy about the s
ration coverage might be its critical dependence on
sample preparation. For example, as pointed out by Mic
et al.45 using xenon titration and thermal desorption spe
troscopy ~TDS!, minor changes of the sample temperatu
around 300 K can lead to dramatic changes in the K cov
age on Si(001)(231). Further, Soukiassianet al.26 showed
that trace amounts of surface impurities significantly incre
the K-sticking coefficient, which even can lead toA
multilayer growth. At last, it should be noted that SXR
only probes the fraction ofA’s which is adsorbed on definite
adsorption sites but is not sensitive to randomly distribu
surface adsorbedA. In contrast, it is this integrated amoun
of adsorbedA which is probed by ion scattering or electro
probe techniques.

IV. CONCLUSION

In summary, the SXRD structure analysis of th
K/Si(001)(231) and the Cs/Si(001)(231) surfaces give
direct evidence that theA’s simultaneously adsorb on differ
ent sites on clean Si(001)(231). The main adsorption site
are found to be theD site above the dimer rows and theT3
site in the cave between the dimers as well as ‘‘asymmetr
sites close toD andT3. The occurrence of multiple adsorp
tion sites is not surprising, since the adsorption is done
room temperature and is not likely to produce an equilibriu
structure. The shortestA-Si bond distances are found at mo
11% lower than the shortestA-Si bonds in bulkASi com-
pounds supporting the picture of a weak polarized cova
bond. We have no evidence of a largez disorder of the
topmost Si atoms, which would be characteristic of asy
metric dimers. From the average positions of the first laye
atoms and their large lateral disorder, we conclude that u
A adsorption the Si-Si dimerization is partially lifted.

The adsorption ofA’s in asymmetric sites has also bee
found in our previous analysis on theA/Ge(001)(231);
however, in this case we foundA’s next toT4, close to the
Ge dangling bonds, without breaking the dimerization. T
can be interpreted with a weaker interaction between the
sorbedA and the Ge dangling bonds as compared with
A-Si interaction. The driving force for adsorption in the
‘‘unusual’’ sites is suggested to be the formation of a we
covalent bond between the adsorbedA’s and the top-layer Si
atoms via charge transfer to the dangling bonds, with sim
taneous optimization of the bond geometry. Another imp
tant result is that for Cs/Si(001)(231) the saturation cover
age is only about 0.3~1! ML, somewhat lower than 0.5 ML,
as suggested by some authors. For K/Si~001! we find 1.2~3!
ML, which within the error bar is still in agreement with th
value of 1 ML that is reported by several authors, althou
this has been critically questioned.
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