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X-ray structure analysis on alkali metals adsorbed on Ge(001)(2X 1)
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Surface x-ray diffraction has been used to investigate the geometric structure of Cs, K, and Na ad-

sorbed on Ge(001)(2X 1) at room temperature. At low and saturation coverage corresponding to about
0.3 monolayer (ML) and 0.6—0.7 ML, respectively (1 ML=6. 25X10'" atomscm ), adsorption takes

place in the large grooves between the Ge-dimer atoms. For all adsorption systems investigated, the sta-

tistical occupation of two different sites is observed: first, above the third-layer Ge atoms (T3), and

second, in an asymmetric site close to the dangling bonds of the Ge-dimer atoms (a-T4). At about half
saturation coverage we have evidence for the preferential occupation of the adsorption site T3 indicating
a coverage-dependent ordering and the formation of a linear densely packed chain along the [110]direc-
tion of the substrate. Whereas the bond lengths of the T3-adsorbed alkali metals to nearest-neighbor Ge
atoms are in the regime found for bulk alkali-metal —Ge structures, which can be interpreted as indica-
tive of covalent bonding, they are shorter for alkali metals adsorbed in a-T4 to the Ge-dimer atoms,
where average distances in the regime between covalent and ionic bonding are observed. This can be in-

terpreted by partial charge transfer to the empty dangling bond states. The alkali metals Cs and K are
generally found to occupy different adsorption heights, which can be related to a strong disorder normal
to the surface due to steric reasons. This is not observed for the smaller Na atoms. Generally, the Ge-

0
dimer bond length (2.45 A) and the dimer asymmetry (inclination angle of the dimer bond to the surface
+17.6') are not inAuenced by alkali-metal adsorption within 0.1 A and about 4', respectively. Shifts of
Ge atoms at least down to the fourth layer below the surface are observed.

I. INTRODUCTION

Alkali-metal (AM) adsorption has played an important
role in surface science from theoretical, experimental,
and technological points of view. ' This is because
AM's have simple electronic structures and are interest-
ing candidates for the study of chemisorption. In addi-
tion, AM adsorption induces the lowering of the sub-
strate work function and is a promoter of surface chemi-
cal reactions. Despite the simplicity of the AM electron-
ic structure, adsorption on metals and semiconductors
has turned out to be a very complicated matter, which in
many aspects is still under dispute. The lowering of the
substrate work function has been interpreted in terms of
the Gurney model, suggesting charge transfer from the
AM to the (metal) substrate; on the basis of experimental
and theoretical ' work this has been questioned support-
ing the picture of a polarized covalent bond. However,
new theoretical investigations ' again favor the ionic
picture at low coverages. For AM adsorption on semi-
conductors the question whether the surface is metallized
upon AM adsorption is also under discussion. This is in-
timately correlated with the geometric structure of the
AM-covered surface.

Figure 1 schematically shows a side and a top view of
the clean Si(001) and Ge(001) surfaces. The formation of
dimers on the surface leads to the well-known (2X1)
reconstruction. For Ge(001)(2 X 1) asymmetric dimers
were observed using di6'erent experimental techniques
such as scanning tunneling microscopy" (STM) and x-ray
diFraction (XRD). ' The dimer asymmetry can be static

or dynamic in nature; the latter has been suggested for
Si(001)(2X 1) by Dabrowski and Schefiler' and is in
agreement with recent theoretical investigations' that
conclude that in contrast to Si(001)(2X 1) the dimer Gip-

ping is strongly suppressed for Ge(001)(2X 1). In the
lower part of Fig. 1 the Ge(001)(2 X 1) unit cell
(an=8.000 A, b&=4.000 A) is indicated by the dashed
line, where large and small circles represent the dimer
atoms and second-layer Ge atoms, respectively. High-
syrnmetry AM adsorption sites are labeled by P (pedestri-
al), T (top), D (dimer-bridge), T3 (top third layer), and T4
(top fourth layer), where both T3 and T4 are often re-
ferred to as "cave sites" leading to some confusion in the
literature. All adsorption sites have been proposed on
the basis of experimental and theoretical investigations.
Table I gives an overview of some investigations that
were carried out at di6'erent AM coverages. ' Besides
the occupation of only a single adsorption site also the
combination of two positions such as P/T3, P/T4, and
T3/T4 ("double-layer models" ) has been suggested at
AM saturation coverage, which generally is supposed to
be about 1 monolayer (ML) in the literature. 1 ML
corresponds to 6.25 X 10' atoms cm, which is
equivalent to two AM atoms per (2X1) substrate unit
cell. However, as will be shown in the later discussion of
our x-ray experiments, the saturation coverage is found
to be in the regime between 0.6 and 0.7 ML. Using
angular-resolved ultraviolet photoelectron spectroscopy
(ARUPS) Enta et al. determined for the double-layer
model P/T3 the Si(001) surface to be insulating. The
double-layer models are in disagreement with the adsor-
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bate structure originally proposed by Levine' in which
AM adsorption in the P site is assumed only. This struc-
ture model corresponds to a metallic surface and to a sat-
uration coverage of 0.5 ML.

It should be noted that the majority of the investiga-
tions listed in Table I deals with the AM/Si(001) adsorp-
tion system and only a recent x-ray standing-wave (XSW)
experiment on K/Ge(001)(2X1) uses a Ge substrate.
This should be kept in mind when comparing our results
with previous work. However, a very similar behavior of
the Cs/Si(001)(2 X 1) and the Cs/Ge(001)(2 X 1) systems
has been observed by Lin, Miller, and Chiang using x-
ray photoelectron spectroscopy (XPS). In addition, a
close similarity of the AM/Ge and AM/Si adsorption
systems from a structural point of view can be inferred
from. the fact that the bulk structures of cubic AMGe and
AMSi (AM=K, Rb, Cs) as well as those of K&Ge46 and

K8Si46 are isotypic.
Direct experimental evidence for the AM adsorbate

structures listed in Table I is rare. For example, Auger-
electron diffraction (AED) and photoelectron
diffraction ' (XPD) make use of the strong forward
scattering of the electrons by an intervening atom making
a "triangulation" procedure necessary. Low-energy elec-
tron diffraction (LEED) has also been used for the ad-
sorption site determination. On the basis of their beam
intensity versus electron curves Urano et al. ' ' conclud-
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FIG. 1. Structure of the (2X1) reconstructed (001) surfaces
of Si and Ge in perspective (upper part) and top view (lower

part). The (2X 1) unit cell is indicated by the dashed line. Mir-
ror lines for the projected structure are represented by the solid

lines and are labeled by m. Large and small circles represent
first-layer dimer atoms and second-layer atoms, respectively.
High-symmetry AM adsorption sites are labeled by D, T, P, T3,
and T4.

TABLE I. High-symmetry adsorption sites of Na, K, and Cs on the (2X 1) reconstructed surfaces of
Si(001) and Ge(001) as proposed on the basis of various experimental and theoretical investigations

(Refs. 15—39). UPS denotes ultraviolet photoemission spectroscopy. PAX denotes the photoemission
of adsorbed xenon. FI»STM denotes field ion STM. RHEED denotes reQection high-energy electron
difraction. PEXAFS denotes photoemission extended x-ray-absorption fine structure. MEIS denotes
medium energy ion scattering. TDS denotes thermal desorption spectroscopy.

P T4 P/T3 P/T4 T3/T4

Experiment
LEED

ARUPS

XPD
STM
XPS
UPS
PAX
TDS
XS%

AED
FI-STM
RHEED
MEIS/AES
PEXAFS

Ref. 15
Ref. 16

Ref. 27
Ref. 28

Ref. 22
Ref. 22
Ref. 22

Ref. 25
Ref. 26

Ref. 32

Ref. 23

Ref. 29

Ref. 17
Ref. 1g
Ref. 19
Ref. 20
Ref. 21

Ref. 30
Ref. 31

Ref. 25

Ref. 31

Ref. 24
Ref. 24

Ref. 33
Ref. 36

Ref. 37

Ref. 39

Theory
Ref. 34
Ref. 35

Ref. 32
Ref. 37
Ref. 38
Ref. 39
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ed the double-layer model (P/T3) to be most likely at
AM saturation coverage; however, the differences to the
reliability factors obtained for single adsorption site
structure models were small. One major advantage of
XRD as compared to LEED is that in most cases XRD
data can be interpreted in terms of the kinematic
diffraction theory. Therefore, it is capable of the analysis
of even complicated adsorbate structures and a number
of experiments have been performed so far. However,
in many cases only "in-plane" reflections (hk0) have been
analyzed, allowing the determination of the projected
structure only.

In contrast, our diffractometer allows the measure-
ment of reflections related to large momentum transfers
q, normal to the sample surface making a depth resolved
analysis of the superstructure possible. In a recent
work we have reported on some results of our investiga-
tion on Cs/Ge(001)(2 X 1) at about half Cs-saturation cov-
erage. In the present paper we focus in more detail on
the coverage dependence of the adsorbate structures and
on a comparative study of the adsorption geometry of
Na, K, and Cs on Ge(001}(2X 1).

In general, the AM/Ge(001)(2 X 1} adsorbate
geometries are found to be similar. Evidence for a cover-
age dependence of the adsorption geometry is given that
might be related to previous STM work of Soukiassian
et al.

II. EXPERIMENT

The experiments were performed using an ultrahigh-
vacuum (UHV) diIFractometer described earlier. For
the XRD investigations on Cs/Ge(001)(2X1) the x-ray
source was an 18-kW rotating anode equipped with a py-
rolytic graphite monochromator selecting Cu-Ko. radia-
tion. All other experiments were performed at the W1
wiggler beam line of the Hamburger Synchrotron Radia-
tion Laboratory (HASYLAB) using an x-ray wavelength
of A, = 1.166 A. Prior to mounting into the UHV
chamber the Ge(001) crystal (10X 15X 1 mm ) was
chemomechanically polished using diamond paste and a
12%%uo NaC10 solution. Final cleaning was achieved in
UHV (base pressure =1X10 ' mbar) by repeated cycles
of Ar+-ion sputtering (500 eV} and subsequent annealing
up to 650'C followed by slow cooling to room tempera-
ture. High sample quality could be achieved by this pro-
cedure. Using the rotating anode x-ray source we mea-
'sured for the in-plane ( —', 0) superlattice reflection of the
clean Ge(001}(2X1) surface a peak count rate of 54/s and
a full width at half maximum (FWHM) of about 0.3',
which is about the resolution limit under laboratory con-
ditions. For comparison, the count rate using the syn-
chrotron source was larger by about two orders of magni-
tude and a FWHM of 0.25' ( =1.03 X 10 A ') was ob-
tained that is related to a terrace width on the order of

TABLE II. Observed in-plane structure factor intensities ~F' '~ and corresponding standard deviations o for the clean and Cs-
covered Ge(001)(2X 1) surface. The intensities are normalized to the (30) reflection. For the AM/Ge(001)(2X 1) systems the calculat-
ed intensities ~F"

~
for the best structure models are listed for comparison. The reflection indices are related to the (2X1) super-

structure unit cell.

Ge(001)(2 X 1)
Grey et al.

(Ref. 50)
Synchrotron

IF "'I' IF' 'I
=0.27 ML

/Fcal/2 /Fobs/2 /Fcal)2

Cs/Ge(001)
(2X 1) superstructure

=0.38 ML
Rotating anode =0.60 ML

[Fcal[2

1 0
3 0
5 0
7 0
9 0
1 1

3 1

5 1

7 1

9 1

1 2
3 2
5 2
7 2
1 3
3 3
5 3
7 3
9 3
1 4
3 4
5 4
7 4

45.6
100.0

2.6
4.7
1.5

30.3
33.5
13.5
40.6
14.1
27.9
52.6
3.2
7.4
9.4
8.5
5.0

15.9
5.9

12.1
17.6
3.2
1.8

1.5
4.4
1.2
2.1

1.5
2.1

2.6
2.1

4.1

2.9
1.7
2.1

2.4
2.1

1.2
5.3
2.1

2.4
1.2
5.0
3.8
1.5
1.2

10.0
100.0

5.7
7.1

22.2
28.5
4.4

71.2

18.3
69.3
3.5
8.4

13.6
16.7
5.6

0.6
6.0
2.0
5.7

2.3
3.5
2.9

10.4

2.3
7.6
2.8
6.5
5.2
6.0
5.5

10.6
103.3

4.9
12.0

19.0
28.7

2.5
62.3

15.7
67.7
2.7
9.3

11.0
20.3

2.9

1.0
100.0

2.5

31.5
1.4
3.1

69.3

2.7
70.3

3.9
14.2
3.6

0.2
5.0

2.4

1.7
0.5
1.5
7.5

1.2
5.7

3.9
2.7
2.4

1.0
93.3

1.8

31.9
1.6
2.6

64.7

0.6
60.4

1.6
13.7

1.0

2.7
100.0

2.6

25.5
3.8
3.6

95.5

6.5
97.8

18.0
6.2

0.7
8.0
1 ' 8

3.7
1.6
2.5

11.2

2.7
8.0

8.6
6.1

2.6
99.2

1.0

23.3
3.9
2.3

78.0

2.8
96.3

8.9
2.3



52 X-RAY STRUCTURE ANALYSIS ON ALKALI METALS. . . 16 833

600 A.
The AM's were evaporated from thoroughly outgassed

SAES emitters located at a distance of about 10 cm from
the sample surface in order to ensure homogeneity.
Auger electron spectroscopy (AES) was used to monitor
the evaporation rate. The saturation of the AES signals
is usually supposed to indicate the completion of 1 ML
corresponding to two AM atoms per (2 X I) substrate unit
cell. In the case of the Na/Ge system, the evaporation
rate was controlled by the intensity of the ( —', 0) and ( —,'0)
superlattice rejections, because the Ge IMM and the Na
KLL transitions overlap in the 960—990-eV regime. The
Na/Ge(001)(2X 1) data set was taken after the (simul-
taneous) saturation of the ( —,'0) and the ( —,'0) intensities.
The (2X 1) superlattice is stable upon AM adsorption;
however, the LEED patterns showed a high background
at AM saturation coverage, indicating soxne disorder.
The refiection intensities were measured using the z-axis
geometry at grazing incidence slightly above the critical
angle of total reflection (0.32 for A, =1.541 A) by rotating
the sample around the surface normal. Using 0.8' Soll-
er slits an out-of- lane resolution of
Aq, =(5.7X 10 )cos(af ) A could be achieved which
corresponds to about 0.05 reciprocal lattice units (rlu)
where 1 rlu=2m/co=2m/5. 658 A '=1.11 A '. The
maximum beam exit angle af relative to the sample sur-
face was about 56', which corresponds to a maximum

momentum transfer q, =4 rlu normal to the sample sur-
face. The adsorbate structures were found to be very
stable. Within several days of data collection (important
only for the rotating anode experiments) no significant in-

tensity change and profile broadening of the control
rejections could be detected.

In total, six data sets were recorded, five of them in-
cluding superlattice reAection rods and consisting of
about 60—90 symmetry-independent rejections. Using
this huge amount of data a detailed analysis of the
AM/Ge(001)(2X 1) surface structures is possible. The
data analysis was carried out by conventional least-
squares refinement, the results are discussed in the fol-
lowing sections and are provided in the Appendix, Tables
A1 —A5. In general, the agreement between observed and
calculated data is very satisfactory. Tables II and IH hst
only the measured in-plane (q, =0) structure factor inten-
sities, iF' 'i and their standard deviations a obtained for
all AM/Ge data sets as well as for the clean
Ge(OOI)(2X 1) surface taken from Ref. SO. The reAection
indices are related to the (2 X I ) unit cell. For the
AM/Ge adsorbate structures we have also added the cal-
culated structure factor intensities, iF""~ derived for the
best fit models discussed below. For better comparison,
the intensities are normalized to the (3 0) reflection,
which is the most intense of all cases. From the compar-
ison of the measured intensities it is directly evident that

TABLE III. iF' 'i, o, and iF""
~

for K/Ge(001)(2 X I) and Na/Cxe(001)(2X I).

Ge(001)(2X1)
Grey et al.

(Ref. 50)
iFo i2 iFobai2

=0.30 ML

K/Ge(001)
(2 X 1) superstructure

Synchrotron
=0.50 ML

iFcal/2

Na/Ge(001)
=0,64 ML

iFob
f

~ iFcal[2

1 0
3 0
5 0
7 0
9 0
1 1

3 1

5 1

7 1

9 1

1 2
3 2
5 2
7 2
9 2
1 3
3 3
5 3
7 3
9 3
1 4
3 4
5 4
7 4
1 5
3 5

45.6
100.0

2.6
4.7
1.5

30.3
33.5
13.5
40.6
14.1
27.9
52.6
3.2
7.4

9.4
8.5
5.0

15.9
5.9

12.1
17.6
3.2
1.8

1.5
1.4
1.2
2.1

1.5
2.1

2.6
2.1

4a1

2.9
1.7
2.1

2.4
2.1

1.2
5.3
2.1

2.4
1.2
5.0
3.8

. 1.5
1.2

24.7
100.0

2.5
7.0

25.4
29.0
11.6
50.5
22.6
22.0
55.8

1.6

14.4

6.9
25.2

6.1
20.2
3.3

2.4
5.9
1.2
4.2

0.6
3.5
5.0

14.0
8.2
3.0
5.9
1.1

3.7

3.7
5.9

4.3
7.5
3.3

26.1

99.6
1.4
5.5

25.4
23.0
6.0

60.6
17.9
17.8
63.6

1.0

11.9

3.3
35.0

7.0
24.8

3.9

7.0
100.0

5.8
1.8
2.1

20.4
10.1
2.5

69.0

10.0
75.1

2.9
2.0
4.0
6.8
8.S
AS

26.9
22.7

19.7

2.9
1.7

0.2
4.3
1.1
0.9
1.9
2.5
1.6
0.8

10.6

2.0
25.4

1.1
1.6
3.1

1.6
1.8
1a2

7.6
6.2

6.6

3.2
2.4

7.4
98.5
4.5
1.5
3.7

18.3
9.5
1.8

57.0

6.9
59.8
4.2
1.6
2.9
6.0
7.7
1.4

32.7
26.4

23.7

2.0
4.4

11.7
100.0

6.9
2.9

14.5
19.4
3.8

55.1

46.1

13.2
61.5
4.5

4.3
7.4

39.7

14.8

2.5
6.8
0.6
1.0

1.0
2.2
0.6
5.4
3.4
0.8
5.4
2.0

0.8
0.8

44

2.3

1.0

13.8
109.4

7.1

3.5

13.0
19.5
4.0

61.0
47.1

13.2
55.1

6.2

4.5
7.5

29.1

14.1

1.5
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the adsorption geometry of Cs and K on Ge(001)(ZX 1) is
coverage dependent.

III. AM/Ge(001)(2 X 1) STRUCTURE ANALYSES

A. The structure of Cs/Ge(001)(2 X 1) at half
and full saturation coverage
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FIG. 2. Z-projected Patterson functions P(u, v) of the clean
and Cs-covered Ge(001)(2X1) surface at half saturation cover-
age normalized to the same scale. The positive maxima in the
first panel (solid lines) labeled 1, 2, and 3 can be related to the
corresponding interatomic Ge-Ge vectors 1, 2, and 3 of the un-
covered Ge(001)(2X1) surface shown in the third panel. Ad-
sorption of Cs (large dashed circle, radius not on scale) in the
center of the (2X1) unit cell gives rise to new Cs-Ge vectors 1'

and 3' whose orientations are nearly identical with 1 and 3 and
therefore leading to an enhancement of the maxima 1 and 3 as
shown in the second panel for P(u, v) of the Cs/Ge(001) data
set. The lowest panel shows the Fourier synthesis p(x,y) of the
Cs-covered surface. The positive maxima can be related to Ge
atoms in the first two substrate layers and to adsorbed Cs.

The first step of the data analysis is the calculation of
the projected Patterson function P(u, u) using the in-
plane data only:

P(u, u)= g IFFY&'I cos[2~(hu +ku)] .
hk

Maxima in the Patterson function correspond to inter-
atomic vectors in the structure. ' ' As an example we
show in the upper two panels of Fig. 2 the z-projected
Patterson functions P (u, u) calculated for the clean and

the Cs-covered Ge(001)(2X 1) surfaces at about half satu-
ration coverage. In both cases three positive maxima la-
beled 1, 2, and 3 are observed, which are shown as solid
lines. Negative maxima (dashed lines) also appear since
only fractional order reQections are included in the calcu-
lation. ' For the uncovered Ge(001)(2X1) surface the
positive maxima can be related to the vectors 1, 2, and 3
between the dimer atoms (1) and between the dimer
atoms and second-layer Ge atoms (2 and 3). This is indi-
cated in the third panel of Fig. 2, which shows the
(2X1)-superstructure unit cell (dashed lines) as well as
the dimer and the second-layer Ge atoms by large and
small solid circles, respectively. For the Cs-coverged sur-
face the same maxima are observed in the projected Pat-
terson function, however, with different weight (intensi-
ty), which is represented by the number of contour levels.
On a qualitative approach the increased weight of the
maxima 1 and 3 after Cs adsorption gives some evidence
for the occupation of the position T3 in the center of the
(2X1) unit cell. The Cs atom is represented by the large
dashed circle in the third panel of Fig. 2. Due to Cs ad-
sorption in T3 new vectors 1' and 3' between Cs and Ge
atoms appear that have almost the same orientation as
the Ge-Ge vectors 1 and 3. Since for the weight of a
given Patterson maximum both the product of the atomic
numbers, Z, XZ. , of the atoms i and j and the multiplici-
ty of the corresponding vector within the unit cell con-
tribute, the maxima 1 and 3 in the Patterson function of
the Cs-covered surface is enhanced relative to those de-
rived for the clean surface. In contrast, there is no inten-
sity change of maximum 2, since Cs adsorption does not
lead to an additional contribution in this case.

The least-squares refinement using this trial structure
model resulted in a weighted residuum (R„)of 4.6% and
a goodness of fit (GOF) of 1.16 (Ref. 52) if the occupation
factor is refined to 0.76. The lowest part of
Fig. 2 shows the Fourier synthesis, p(x,y)
=&Ik I+pk'Icos[2~(hx +ky)+aJ'k] of the projected
structure, where ah'k represents the calculated phases on
the basis of the structure model. The Cre atoms as well as
the Cs atom in the T3 position are directly evident by the
positive maxima. No other Cs-adsorption sites can be ob-
served for half Cs-saturation coverage.

Another procedure for obtaining a starting model for
the structure refinement consists in the calculation of the
difference Fourier synthesis hp(x, y), which in the present
case is defined by

bp(x, y)= g(I+(„"I—I+„'„"I)cos[2m(hx+ky) a'„k] . —
hk

(2)

In Eq. (2) Ff k' represents the structure factors calculated
on the basis of a trial structure model. Positive (negative)
maxima in b,p(x,y) indicate where extra electron density
must be added (subtracted) in order to describe the struc-
ture more accurately. This procedure is shown in Fig. 3
using the Cs/Ge(001)(2X 1) data set at Cs saturatian cov--
erage. On the left column a sequence of trial structures is
shown; the corresponding diQ'erence Fourier syntheses
are plotted on the right. In addition, for each plot of
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Ap(x, y) the residual R obtained for the trial structure
and the contour line spacing is indicated below and above
the maps, respectively. Beginning with a trial structure
taking account of the Ge atoms in the first two layers
only and thereby neglecting all Cs contributions a residu-
um of only R~ =41% is obtained indicating bad agree-
ment between ~F'"'~ and ~F""~, as can be expected.
However, the function ))ip(x, y) exhibits a prominent posi-
tive maximum at T3 pointing to an electron density
deficiency due to the neglected Cs contribution (first row
of Fig. 3). However, in contrast to the data set measured
at half saturation coverage a structure model assuming
Cs to be adsorbed in T3 only is found not to be complete-
ly adequate. Successively improved structure models
shown in the following rows of Fig. 3 include also Cs
atoms at asymmetric (a) positions labeled a-T4 and a-P
within the (2X1) superstructure unit cell. The large cir-
cles represent Cs atoms, the numbers inside the circles in-
dicate the occupation factors of the positions. For steric
reasons ( b z

=4.000 A, Cs radius =rc,=2. 1 —2.6 A) the
simultaneous occupation of the T3 and the a-T4 positions
is excluded, therefore during the structure refinement we
used the following constraint for the occupancy factors 8
within the unit cell: 0( T3 ) +8(a T4) ~ 1. Th-e best
agreement (R =6%) is obtained for a structure model

where Cs atoms statistically occupy different positions as
indicated in the lowest row of Fig. 3. In this case no
significant maxima can be observed in the difference
Fourier synthesis out of the noise. In summary, we ob-
tain the following results.

(i) At saturation coverage Cs atoms occupy the posi-
tion T3 and an asymmetric site, a-T4, close to the Ge-
dimer dangling bonds. Strong Cs-Ge interaction and
charge transfer from Cs to the Ge dangling bonds might
be suspected from this observation. For low and satura-
tion coverage the simultaneous occupation of T3 and a-
T4 is observed for all investigated AM/Ge(001)(2X 1) ad-
sorbate structures (see also Sec. IU).

(ii) Some Cs (0=2X0. 13) is also adsorbed in an asym-
metric position above the Ge-dimer rows (a P). T-he

asymmetry of this position might be due to steric reasons
and/or due to bond formation with the Ge-dimer atoms.
It must be noted that out of six data sets this is the only
case where we have identified an AM to be adsorbed
above the Ge-dimer rows. As has been pointed out by
Soukiassian et al. adsorption above the Ge dimers
might be induced by surface contamination.

(iii) At about half saturation coverage only the T3 posi-
tion is found to be occupied (see above), indicating a
coverage-dependent ordering of the Cs atoms. Using
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STM the AM ordering at about 0.5-ML coverage leading
to the formation of a one-dimensional AM chain has been
observed for K/Si(001)(2X1) by Soukiassian et al. In
addition, 0.5 ML was determined as saturation coverage
by the authors.

Although the basic features of the AM-adsorbate
structures can be determined using the in-plane data
only, a more detailed description of the structures includ-
ing bond lengths and structural disorder is only possible
by the analysis using the out-of-plane (q, AO} data. In the
following we focus as a representative example on the
half saturation Cs/Ge(001)(2X1) sample, where only the
T3 position is occupied by Cs. Some results have been
presented in a previous paper for the half saturation
data set. The results are summarized in Fig. 4 and in
Table V of the Appendix, which lists the re6ned relative
coordinates of the Cs and Ge atoms, the thermal parame-
ters (8 =8m' (u }), occupancy factors, and the shifts of
the Ge atoms from their bulk (1X1}positions. Figure 4
schematically shows the structure model in a projection
along [110]. The solid circles represent the positions of
the Ge atoms as determined for the uncovered
Ge(001)(2 X 1) surface on the basis of our previous investi-
gation' and the analysis of the integer order truncation
rods. The small dashed circles indicate the positions of
the Ge atoms after Cs adsorption. Cs is represented by
the large dashed circles. In accordance with the tables of
the Appendix, the Ge atoms are labeled by Ge;, indicat-
ing the jth symmetrically independent atom in the ith
layer. A single index (e.g. , Gez) labels the only Ge atom
in that layer. All distances are given in A. The error
bars of the distance determination are generally in the
range of 0.1 —0.2 A. The Ge-Ge bond lengths are given
for the structure after Cs adsorption. Several characteris-
tic features of the structure can be summarized as fol-
lows.

(i) Large disorder normal to the sample surface is ob-
served for both the Ge-dimer atoms and the Cs adsor-

bate. Without temperature-dependent measurements our
experimental data cannot provide a distinction between
static and dynamic disorder. A temperature-dependent
measurement might rule out the unlikely possibility of a
large-amplitude simple harmonic vibration of the Ge-
dimer atoms and the Cs adsorbate. In Fig. 4 the disorder
is taken into account by the static disorder model using
"split atoms" labeled Cs&~ and CsI2, each associated with
an occupancy factor of 0.38 corresponding to a total oc-
cupancy of 0.76 for the T3 site as discussed above and in
Ref. 48. In general, partially occupied split atoms simu-
late the statistical distribution of the corresponding atom
over di6'erent positions within the experimental coher-
ence length. For the Ge-dimer atoms the disorder was
also simulated by half occupied split atoms labeled Ge»
and Ge&2. Their separation along the z axis is about 0.80
A. This corresponds to asymmetric Ge dimers with an
inclination angle of the dimer-bonding axis of +17.6' rel-
ative to the surface plane. In Table V both the static dis-
order and a dynamic disorder model using anisotropic
thermal parameters is taken into account, the latter is in-
dicated by the superscript "dyn". The Cs disorder (z sep-
aration of the split atoms 1.36 A) might be partly induced
by the Ge disorder, however, the most important contri-
bution is expected for steric reasons since within a hard-
sphere model it is not possible to locate the large Cs
atoms (rc, at least 2.1 —2.6 A) along the [110] direction
(lattice constant ho=4 000 A. ) at the same height level.
This conclusion is supported by the results of the struc-
ture analysis on the Na/Ge(001)(2X 1) system, where no
such disorder along [001] is observed for the (small) Na
atoms adsorbed in T3 (see below).

(ii) Cs adsorption does not significantly change the Ge-
dimer-bonding length of 2.45 (11) A and the dimer asym-
metry This is .a general result for all AM/Ge systems in-
vestigated. In contrast, shifts of the Ge atoms in deeper
layers are observed upon Cs adsorption. This is especial-
ly important for the second-layer Ge atoms, Ge2 shifting

Cs»

/
/

I \

1 I
/

/

136

- 1.07
1.75

1r

CI23 1.70
1.30

i.4i

FIG. 4. Schematic view of the
clean and Cs-covered
Ge(001)(2 X 1) surface at half sat-
uration coverage in a projection
along [110]. Solid circles
represent the positions of the Ge
atoms as determined for the
clean surface, dashed circles cor-
respond to the structure after Cs
adsorption. All distances and

4
atomic shifts are given in A.
The Cs and Ge atoms are labeled
according to Tables V —IX in the
Appendix. Structural disorder
along [001] is taken into account
by Ge and Cs split atoms labeled
Ge», Ge», Cs», and Cs». Mir-
ror lines are indicated below.
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about ().75 A vertically and 0.11 A laterally (see Fig. 4).
For the third-layer Ge atoms Ge» and Ge3z vertical
shifts of 0.39 and 0.17 A are observed. Lateral shifts are
forbidden by symmetry in this case. The vertical shifts
lead to a change of the (average) interlayer spacings of
d, z=1.07 A and dz3 =1.70 A for the clean Ge(001) sur-
face to d, z =1.75 A and dz3 = 1.30 A after Cs adsorption
(see right part of the figure). These observations can be
interpreted in terms of an interaction between the Cs
atom adsorbed in T3 with Gez and Ge3z (see also Sec. IV).

(iii) Two different sets of Cs-Ge bond lengths are ob-
tained depending on what disorder model is used, the dy-
namic or the static disorder model. A complete overview
over the bond lengths determined for all AM/Ge struc-
tures is given in Table IV. For simplicity we have indi-
cated in Fig. 4 the aUerage Cs-Ge bond lengths for the
static disorder model, which correspond to the Cs-Ge
bond length derived for the dynamic model within a few
hundredths of an A. The bond lengths are generally in
the range between the Cs-Ge bond length found in bulk
CsGe (3.58 A) (Ref. 44) and the Cs-Ge distance (3.91 A)
calculated when assuming a covalent and metallic radius
for Ge and Cs, respectively. It should be noted that
within the static disorder model the Cs-Ge bond lengths
between the different split atoms can deviate from the
average bond length by as much as +0.6 A (see Table IV).
From crystallochemical considerations we may take the

bond length as a rough estimate for the degree of interac-
tion and the ionicity of the bond, therefore a split of the
bond length of +0.6 A from the average bond length can
be interpreted by a mixed interaction between the Cs in
T3 and the Ge atoms Gez and Ge3z. In contrast, the
bond length from Cs to the Ge-dimer atoms is almost in-
dependent on the disorder model used.

(iv) The Ge-Ge bond lengths in both the clean and the
Cs-covered structures are generally modified by at most
+8% relative to the bulk Ge-Ge bond length (2.45 A).
The only exception from this is the bond length between
the Ge-dimer atoms and the second-layer Ge atom Ge2,

0
whose average value is 2.73 (15) A corresponding to an
expansion by + 11%. This is a direct consequence of the
large Ge2 shift upon Cs adsorption.

For the Cs/Ge(001)(2X 1) adsorption structure at satu-
ration coverage the same analysis has been performed
whose results are given in Table VI of the Appendix. For
the T3-adsorbed Cs atom (Cs, ) as well as for all Ge atoms
the refined structure parameters are very similar to those
obtained at half Cs-saturation coverage. In addition,
strong z disorder is also observed for the a-T4 adsorbed
Cs atom, which is labeled Cs2. The disorder of Cs2 can
also be related to steric reasons. More details are dis-
cussed in Sec. IV, which gives a summary of the
AM/Ge(001)(2 X 1) structures.

TABLE IV. AM-Ge distances for Na, K, and Cs on the basis of the statistical and the dynamic disorder model. Theoretical AM-
Ge bond lengths assuming ionic and metallic AM radii as well as bond lengths in bulk AM-Ge compounds are listed for comparison.

AES
XRD coverage

AM) )-Gel l

AMlp-Getup
AM(i-Ge2
AM(2-Ge2

AM( l-Ge32
AM(2-Ge32
AM2-Ge»
AMq-Ge)2

AM ""-Ge ~"
1 1

AM( "-Ge2
AM &""-Ge32

dYn Ged&n
2 1

AM metallic
AM ionic
Bond lengths

in AM-Ge
structures '

Na/Ge(001)
Saturation
coverage
0.64 ML

3.18(30)'
3.54(30)'
3.44(35)'

4.03(35)'

2.40(30)
2.73(30)

3.35(30)
3.44(35)
4.03(35)
2.55(30)

3.11
2.21

2.94

K/Ge(001)
=0.7 saturation

coverage
0.50 ML

Statistical disorder model
3.64(20)
3.70(20)
3.65(20)
3.09(20)
4.30(15)
3.56(20)
2.69(30)
3.14(30)

Dynamic disorder model
3.66(20)
3.34(20)
3.90(15)
2.91(35)

Theoretical AM-Ge bond lengths'
3.61
2.56

3.42

Cs/Ge(001)
=0.5 saturation

coverage
0.38 ML

3.72(20)
3.61(20)
4.21(20)
3.14(20)
4.75(15)
3.39(15)

3.67(20)
3.61(20)
4.01(15)

3.91
2.90

3.58

Cs/Ge(001)
Saturation
coverage
0.60 ML

3.76(20)
3.67(20)
4.23(20)
3.24(20)
4.53(15)
3.33(20)
2.97(30)
3.55(30)

3.70(20)
3.69(20)
3.90(15)
3.24(30)

'No Na-split atom.
"Averaged over Ge» and Ge».
'L. Panling, The Nature of the Chemical Bond (Come\1 Univ. Press, Ithaca, 1960).
E. Busmann, Z. Anorg. Chem. 313, 91 (1961).

'J. %'itic and H.G. Schnering, Z. Anorg. Chem. 327, 260 (1964).
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B. The structure of Na/Ge(001)(2 X 1)
at Na-saturation coverage

Although the fundamental Na/Ge(001}(ZX1) adsorp-
tion geometry at Na-saturation coverage is very similar
to the Cs/Ge(001)(2 X 1) structure at Cs-saturation cover-
age (e.g., occupation of T3 and a T4) -some details are
different, which should be addressed shortly. The
differences between the structures can be attributed to the
very different radii of Cs ( r""= 1.67 A, r "=2.68 A} and
Na (r""=0.98 A, r "=1.89 A}. In order to demonstrate
the sensitivity of surface XRD for the determination of
the adsorption site of a low-Z element like Na (ZN, = 11)
on a heavier substrate (Zo, =32) we show in Fig. 5 the
measured (symbols) and calculated (lines) structure factor
intensities ~Fhk(q, )~ for the clean and the Na-covered
Ge(001)(2 X 1) surface as a function of q, for some super-

lattice rods. The intensities of the data sets are normal-
ized to the (300) refiection. Direct comparison between
the Ge(001)(2X 1) and the Na/Ge(001)(2X1) data sets is
possible for the (30), (11), and the (31) rods shown in the
upper three panels of Fig. 5. The measured and calculat-
ed structure factor intensities ~Fhk(q, )~ derived for the
clean Ge(001)(2X 1) surface were taken from Ref. 12 and
are given on the right as filled circles and solid lines, re-
spectively. Although the fundamental features of the su-
perlattice rods are similar, Na adsorption is found to
significantly modify the refiection intensities (see also
Table III for the in-plane data). In total, 66 refiections
were measured for Na/Ge(001)(2X1} including seven su-

perlattice rods. The measured and calculated structure
factor intensities of the (50), (70), (12), and the (32)
Na/Ge(001)(2X1) superlattice rods are shown in the
lower two panels of Fig. 5. A maximum momentum

Na /Ge (001)(2x1) (30q, j
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along several superlattice rods
for Ge(001)(2 X 1) and
Na/Ge(001)(2X 1) at Na satura-
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transfer normal to the sample surface, q, of 4.45 A
( =4 rlu) could be achieved. This large out-of-plane data
set extending to high q, is essential for deriving accurate
three-dimensional structural information. The best fit to
the data (R =7.2%, GOF of 1.1) is obtained by a struc-
ture model whose parameters are listed in Table VII in
the Appendix. A schematic view of the structure in a
projection along [001] is given in Fig. 6.

The Na adsorption sites are indicated by the hatched
ellipses emphasizing the pronounced in-plane disorder
parallel to [110]. An in-plane disorder has not been ob-
served for Cs/Ge(001)(2X 1) and K/Ge(001)(2X 1), prob-
ably due to a stronger adatom-adatom interaction be-
tween the larger AM's Cs and K. The Na disorder along
[110]has been taken into account by Na split atoms (see
Table VII) keeping the thermal parameters constant.
There is a pronounced Na splitting along the [110]direc-
tion corresponding to the b axis of the unit cell
(bo =4.000 A). For both Na atoms, Na& close to T3 and
Na2 in a-T4 it amounts to Ay =+0.09 lattice units corre-
sponding to +0.36 A. Along the [110] direction corre-
sponding to the a axis of the unit cell (an =8.000 A}, the
splitting of Na, from the average position (x=0.5) is
within the experimental uncertainty. For Na2 it is very

0
large (hx =+0.04=+0.32 A). However it must be not-
ed that this is characteristic for all AM/Ge(001)(2X1)
adsorption systems investigated (see above) and can be at-
tributed to the AM interaction with the Ge dangling
bonds.

Another detail of the Na/Ge(001)(2 X 1) adsorbate
structure found to be markedly different from the
Cs/Ge(001)(2 X 1) and the K/Ge(001)(2 X 1) adsorbate
structures is that there is no pronounced z disorder for
the Na atoms. In the case of the large AM's Cs and K,
the z disorder has been attributed to steric reasons. In
agreement with this argument, the corrugation of the Na
chains is expected to be less important. In Table VII we
have also listed the shifts of the Ge atoms from their
(1 X 1) bulk positions and from their positions determined
for the clean Ge(001)(2X1) surface. There is evidence
that Na adsorption has less effect on the Ge substrate
than adsorption of Cs. A comparison is given on the
outer right column in Table VII. Na-adsorption-induced
shifts of the Ge atoms from the positions determined for
the uncovered Ge(001)(2 X 1) surface are only Ax =0.02 A

and b,z=0.34 A for Gez. For Cs/Ge(001)(2X 1) we found
Ax =+0.11 A and hz=0. 75 A. Similarly, third-layer
shifts (Ge3& and Ge32} are almost within the error bars
( =0. 1 —0.2 A) for Na adsorption, whereas they are 0.39
and 0.17 A for Cs/Ge(001)(2 X 1).

IV. SUMMARY GF THE XRD INVESTIGATIONS
ON AM/Ge(001)(2 X 1)

4.5 )

3.5—

dyfl
AM) -Ge32

dyn
AM)-Ge2

AM (met)-Ge

AM-Ge (bulk )

2.5— dyn r'
AM2 Ge

AM (ion}-Ge
error bar
o.2 N

[1103 =-—

In total, six structure analyses on the
AM/Ge(001)(2X 1) systems have been carried out, five of
them including out-of-plane data (q, WO) making a three-
dimensional determination of the superstructure possible.
Thus, a very large amount of data has been collected.
This allows a confident characterization of the
AM/Ge(001)(2X1) adsorbate systems. Tables VIII and
IX list the results of the structure refinements of the
K/Ge(001)(2X1) structures for about 0.3- and 0.5-MI.
coverage, which have not been discussed so far. General-
ly, the structures of the adsorbate systems are similar al-
though some differences exist ip detail. Some important
results are summarized in the following.

In Fig. 7 we have plotted the AM-Ge bond lengths as
derived from the structure refinements. AM atoms ad-

[1103 =

[1103

0 o g o ' o
l ~ ~ ~ ~ «I

Na2

FIG. 6. Schematic view of the Na/Ge(001)(2X 1) structure in
the projection along [001]. The Na atoms labeled Na& and Na2
are located in T3 and a-T4 (see also Figs. 1 and 3). The disorder
within the surface plane is schematically represented by the di-
ameter of the ellipses.

I

[110]o, 0 AM„o ', 0
Ge2

——AM ---—
Ge

FIG. 7. AM-Ge bond lengths for Na, K, and Cs adsorbed in
T3 and a-T4 on the basis of the dynamic (superscript dyn) disor-
der model. For comparison distances in bulk AM-Ge com-
pounds as well as calculated bond lengths assuming metallic and
ionic AM radii are indicated by AM-Ge(bulk), AM(met)-Ge,
and AM(ion)-Ge. AM& and AM2 label Na, K, and Cs adsorbed
in T3 and a-T4, respectively, as shown in the lower part of the
figure.
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sorbed in the T3 and in a-T4 are labeled by AM& and
AM2, respectively as shown in the lower part of the
figure. The bond lengths are given for the dynamic (dyn)
disorder model. For comparison, we have included the
(calculated) AM-Ge bond lengths assuming ionic and me-
tallic radii of the AM atoms as well as bond distances
observed in bulk AMGe crystals. ' In Fig. 7 this is la-
beled by AM(ion)-Ge, AM(met)-Ge, and AM-Ge (bulk),
respectively.

The bond lengths AM&-Ge, and AM, -Ge2 are in the re-
gime found in bulk AM-Ge structures and are compara-
ble with calculated AM-Ge distances if a metallic AM ra-
dius is assumed. On the other hand, the AM2-Ge, bond
lengths are half way between the distances that are calcu-
lated assuming an ionic AM and the bond lengths ob-
served in bulk AM-Ge structures. Taking the bond
lengths as a rough estimate of the AM-Ge interaction
and the degree of charge transfer, this result can be inter-
preted by a mixed interaction of the AM atoms with the
Ge(001)(2X 1) surface. Whereas T3-adsorbed AM& atoms
(on the average) only weakly interact with the Ge atoms,
a significant charge transfer from the AMz atoms (a-T4)
to the dangling bonds of the Ge dimers may be deduced.
It should be noted that different chemisorbed states have
been observed by thermal-desorption spectroscopy (TDS)
for K/Si(001)(2X 1) by Tanaka et al. , although their in-
terpretation suggesting the double-layer model I'/T3 is
in disagreement with our results.

Some modification to the structure model developed so
far arises if the static disorder model is taken into ac-
count. In this case additionally a mixed interaction be-
tween AM, at T3 and the Ge atoms Ge2 and Ge» can be
deduced. This is concluded by the observation that the
bond lengths between the split atoms AM)} and AM]2
(see Fig. 4 and Table IV) to the Ge atoms diff'er from the
average distance by up to about +0.6 A. Further, two
different distances between AM& (a-T4) and the Ge-dimer
atoms is observed, which is due to the asymmetry of the
Ge-dimer atoms represented by the split atoms Ge&& and
Ge, z. In this case the longer bond (AM&-Ge&z) is related
to the lower-lying Ge split atom.

Chadi suggested that the asymmetry of the dimers is
correlated with a charge transfer from the low-lying dan-
gling bond DD, „ to the upper dangling bond DU„ lead-
ing to an empty DD,„„and to a full DUp state. Conse-
quently, interaction and bond formation between AM2
with the Ge dimers should be possible to DD, „only
meaning that within this model only the longer bond dis-
tance (AM2-Ge, z) is physically meaningful as schemati-
cally sketched in Fig. 8. In this case the Cs2-Ge&z bond
length of 3.55 (30) A. is derived, which can be related to a
metallic Cs radius and suggests minor charge transfer
from Cs to the dangling-bond states. This could be relat-
ed to the observation that the asymmetry of the dimers
(inclination angle +17.6') is not significantly modified by
AM adsorption. It should be emphasized that since in
the Bragg scattering experiments the elastic coherent
part of the total scattering cross section is measured, only
the average (space-time) scattering distribution is ana-
lyzed, thus making the distinction between different mod-

(ooi]
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FIG. 8. Schematic view of the a-T4 adsorption site. The Cs
atom is shifted by about 0.4 A from the symmetric T4 position
to the Cxe dangling bond. Charge transfer is only possible into
the empty DD „„state corresponding to a bond length of 3.55 A
(Cs&-Ge», see also Table IV).

U. SUMMA. RY

In summary, we have presented a detailed surface
XRD study on the structure of Na, K, and Cs adsorbed
on Ge(001)(2 X 1) at room temperature. It could be
shown that the adsorption behavior of all AM s is simi-

els (configurations) without additional information such
as temperature-dependent measurements or diffuse
scattering impossible.

The second important result is the coverage-dependent
occupancy factor of the different adsorption sites. This is
summarized in Fig. 9 where the occupancy factors for the
T3, a-T4, and the a-P sites are shown as a function of the
total coverage. On the basis of the XRD structure analy-
ses it is found that the AM-saturation coverage as deter-
mined by AES (Cs,K) or by monitoring XRD refiection
intensities (Na) versus evaporation time is only 0.6—0.7
ML. This has already been proposed by Glander and
Webb in their LEED study of Na/Si(001)(2X1). Fur-
ther, in the regime between 0.35 and 0.50 ML, we have
some evidence for the preferential T3 occupation,
whereas for low and saturation coverage both the T3 and
the a-T4 site are occupied by about the same probability.
The preferential T3-adsorption at about half AM satura-
tion coverage can be interpreted by the formation of a
one-dimensional AM chain. This has been observed for
K/Si(001)(2X1) by Soukiassian using STM. It can be
explained by an increasing dominance of the adsorbate-
adsorbate interaction over the adsorbate-substrate in-
teraction.

Finally, we show in Fig. 10 the correlation between the
metallic AM radius and the root-mean-squared (rms) vi-
bration amplitude, ( u 33 ) '~, of the AM atoms adsorbed
in T3. The rms amplitude is a measure of the z disorder
using the dynamic model. Although some error bars for
(u33 )' are large, there is evidence for an increasing z
disorder with increasing AM radius. This is an indica-
tion that steric reasons can account for the z disorder of
the adsorbed AM's. In contrast, in the case of a pure
thermal disorder a decreasing rms vibration amplitude
should be expected with increasing adsorbate mass.
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lar. Depending on the coverage two different adsorption
sites in the large grooves between the Ge-dimer rows
have been observed. At low and saturation coverage
(=0.6—0.7 ML) both the T3 adsorption site above the
third-layer Ge atoms and an asymmetric position (a-T4)
close to the Ge-dirner dangling bonds were detc:rrnined.
There is still an apparent discrepancy between the satura-
tion coverage determined by XRD and previous experi-
ments, e.g., such as the medium-energy ion scattering
(MEIS) experiments of Smith, Graham, and Plummer '

who determine an absolute coverage of 0.97 and 0.98 ML
for Cs and K on Si(001)(2X1), respectively. However,
this discrepancy might be resolved by the consideration
that XRD only probes the "coherent fraction" of AM's
adsorbed in definite adsorption sites, whereas MEIS pro-
vides an integral number of adsorbed atoms independent
of whether these are crystallographically ordered or not.
We can speculate that due to some fraction of disordered
AM atoms on the surface also in our experiments the

1.2

AM at T3

0.8—

0.4—

0.2—

Na Cs

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

AM radius (A)

FIG. 10. Root-mean-squared vibration amplitudes along
[001]vs AM radius for Na, K, and Cs adsorbed in T3.
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0.8

FIG. 9. Occupancy factors for Cs t,'upper panel), Na, and K
(lower panel) for adsorption in T3, a-T4, and a-P.

maximum coverage might have been larger than 0.7 ML.
Some evidence for disordered AM's on the surface is
given by an increasing background at saturation coverage
observed by LEED. On the other hand, a saturation cov-
erage of about 1 ML with all AM's crystallographically
ordered on the surface is not possible for steric reasons
[AM radii and size of the (2 X 1) unit cell].

For about half saturation coverage we have some evi-
dence that the AM's are preferentially adsorbed in T3,
which can be interpreted by an ordering of the AM ad-
layer and the formation of a one-dimensional AM chain
as has been observed previously by STM. The three-
dimensional analysis of the superstructure allows the
determination of the AM-Ge bond lengths and the
analysis of the structural disorder. Strong disorder paral-
lel [001] is observed for the large Cs and K atoms as well
as for the Ge-dirner atoms. On the basis of the present
data in principle it is not possible to distinguish between
dynamic and static disorder, however, the AM disorder
can be attributed to steric effects, the disorder of the Ge-
dimer atoms is related to the (static) asymmetry of the di-

mers, which is not affected by AM adsorption. As a
consequence of the small Na radius a different behavior is
found for the system Na/Ge(001)(2X1), where the Na
disorder within the surface plane is more important than
parallel [001]. On the basis of the average AM-Ge bond
lengths a stronger AM-Ge interaction can be concluded
for the a-T4-site-adsorbed AM's than for the T3-
adsorbed AM's. This might be related to charge transfer
from the a-T4-adsorbed AM's to the empty dangling-
bond states of the Cue-dimer atoms. On the other hand,
the insensitivity of the dimer asymmetry and bond length
on the AM adsorption could be interpreted by a small
charge transfer to the lower-lying empty dangling-bond
states (DD, „). This picture would be consistent with a
long bond length between the a-T4 adsorbed AM's and
the low-lying Ge-dimer atom, which is possible within
the static disorder model.

In all cases significant shifts of the Ge substrate atoms
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are observed. Displacements from the bulk (1 X 1) posi-
tions are determined at least four layers below the sur-
face.
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APPENDIX

Tables V —IX list the refined relative coordinates,
thermal parameters (B =8m &9 &), and occupancy fac-

tors of the AM and Ge atoms within the (2 X 1) unit cell

(a0=8.000 A, b0=4.000 A, co=5.658 A). Parameters

labeled by (e) are fixed by symmetry. The superscript

dyn refers to the dynamic disorder model. Shifts of the
Ge atoms (bx, bz) from their (1 X 1) bulk lattice sites are

0

given in A.

TABLE V. Cs/Ge(001)(2X1) at half saturation. 62 rejections; R =10.3%; R„=12.9%; GOF is 1.14. ( + ) denotes fixed due to

symmetry.

Atom

Csll
Csl2
C dyn

1

Ge„
Gel2

dyn
1

Ge2
Ge3l
Ge»
Ge4)
Ge4q
Ges

p 5(g)
0.5( + )

Q 5{g)

0.15(1)
0.14(1)
0.14(1)

0.22(1)
0.00( + )

0.50( + )

0.00( + )

0.50( + )

0.2s(1)

Q 5(g)
0.5( + )

0.5( + )

Q 0()fc )

0.0( + )

Pp(g)

p 5(g)
p 5(g)
ps(g)
00(g)
P Q( g )

00(g)

—0.32(2)
—0.08(2)
—0.19(2)

—0.07(2}
0.07(2)
0.00( + )

0.31(3)
0.56(3)
0.52(3)
0.78(5)
0.76(s)
0.99(8)

Thermal parameter

B=0.6 A
B=0.6 A
(u )' =0.08 A
(u )'/ =008 A
(92 )I/2 0 9p( lp)
B =0.6 A
B =0.6 A
(9 )'/ =008 A
(u )' =0.08 A
(u )' =046(5) A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A

hx (A)

—0.80(8)
—0.88(8)
—0.88(8)

—0.24(8)
0.00( + )

0.00{+ )

0.00( + )

0.00( )

0.00(8)

hz (A)

—0.39(10)
0.39(10)

0.34{16)
0.34(17)
0.11(11)
0.17(30)
0.06(30)

—0.06(45)

Occupancy

0.38
0.38
0.76

0.50
0.50
1.00

1.00
1.00
1.00
1.00
1.00
1.00

TABLE VI. Cs/Ge(001)(2X1) at saturation coverage. 91 rejections; R =10.7%,' R„=11.7%; GOF is 1.03. (+) denotes fixed
due to symmetry.

Atom Thermal parameter Ax (A) Az (A) Occupancy

Csl)
Csl2

dyn
1

Cs~

Cs3
Ge„
Gel2
Gedyn

1

Ge2
Ge3l
Ge»
Ge4l
Ge42

Qs{g)
Qs{g)
o 5(+)

0.45(2}

0.00
0.14(1)
0.14(1)
0.14(1)

0.24(1)
0.00( + )
0.50( + )
0.00( + )
0.50( 4 )

0.5( + )

ps(g)
0.5( + )

0.0( + )

0.24(3)
00(g)
Q Q( g )

P 0(g)

Q 5(g)
Q 5(ofe)

Q 5(g)
0.0( + )

Q Q( )fe )

—0.32(2)
—0.11(2)
—0.21(2)

—0.37(4)

—0.68(4)
—0.08(2)

0.08(2)
0.00( + )

0.33(3)
0.54(3)
0.48(2)
0.80(5)
0.79(5)

B=0.6 A
B=0.6 A
&u' )'"=0.O8

& u'„)'"=O.O8

&u' )'"=0.69(
& u'„&'"=O.41
&u'„&'"=O.41
(9 )' =1.20
B=4.3 A
B=0.6 A
B=0.6 A
&u'„&'"=O.O8

(u )' =008
( 9 2 ) 1/2 —() 59
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A

A
A
7) A
A
A
(50) A

A
A
(4) A

—0.88(8)
—0.88(8)
—0.88(8)

—0.08(8)
0.00( + )
0.00( + )
0.00( + )

0.00( + )

—0.45(10)
0.45(10)
0.00( + )

0.45(15)
0.23(17)

—0.11(11)
0.28(30)
0.23(30)

0.25
0.25
0.50

0.20

0.13
0.50
0.50
1.00

1.00
1.00
1.00
1.00
1.00
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TABLE VII. Na/Ge(001)(2 X 1). 66 reQections; R„=7.2%, R„=10.4%; GOF is 1.14. ( + ) denotes fixed due to symmetry.

Atom Thermal parameter
dlx (A) Az (A)

from bulk (1X1) Occupancy
ax (A) az (A)

from clean (2X1)

Na)
Na2
Ge))
Ge)2
Ge2

Ge3)

Ge»

0.48(3)
0.46(2)
0.17(1)
0.15(1)
0.24(1)

0.41(3)
0.09{2)
0.0( + )

o.o( * )

Q 5(g)

0.00( 4 ) 0.5( 4 )

o.sp( + ) Q.s( + )

—0.25(3)
—0.14(4)
—0.05(1)

0.05(1)
0.25(2)

0.50(2)

0.46(2)

B=2.O (1.1)
B=4.0 (2.4)

B=0.6
B=0.6
B=0.6

B=0.6

B=0.6

—0.64(8)
—0.80(8)
—0.08(8)

—0.28(6)
0.28(6)

*o.oo(11)

o.oo(*) ~0.00{11)

0.00( + ) —0.23(11)

0.15
0.17
0.50
0.50
1.00

1.00

1.00

+0.02
+0.11

+0.34
+0.75 (Cs)
—0.06
+0.39 (Cs)
—0.17
+0.17 (Cs)

Ge4)
Ge42

0.00( + }
0.50( + )

0.0( + )

0 0{g )

0.74(3)
0.71(5)

B=0.6
B=0.6

0.00( + )

0.00( 4 )

—0.06(17)
—0.23{30)

1.00
1.00

TABLE VIII. K/Ge(001)(2X 1) at 0.3-ML coverage. 64 rejections; R =7.3%', R„=11.8%; GOF is 1.10. ( + ) denotes fixed due
to symmetry.

Atom

K))

K)2

Kdyn
1

K2
Ge))
Ge)2
Gedyn

1

Ge&

Ge3)
Ge»
Geq(
Ge42
Ges

Q 5(g)

p 5(g)

p 5{g)

0.46(3)
O. 17(1)
0.15(1)
0.16(1)

0.23(1)
o.oo(*)
0.50( + )

0.00( + )

o.so( + }
0.26(1)

0.5( + )

0.5( + )

0.5(+ )

00(g)
00(g)
Q.P( g )

P.Q( g )

0.5(~ )

p.5( g )

0.5( + )

Q.P( g )

p.Q( )fc )

Q.Q( g )

—0.32(3)

—0.19(3)

—0.25(2)

—0.29(4)
—0.05(1)

o.os(1)
0.00( + )

0.20(2)
0.49(2)
0.44(2)
0.72(3)
0.69(5)
0.97(3)

Thermal parameter

(u )' =0.20(5) A
&u' )'"=0.28(7) A
&u' )'"=OO8 A
(u )' =0.20(5) A
(u' )'/'=Q28(7)
(u )'/ =008 A
(u )'/ =0.19(61 A
( u 22 ) ' =0.2617) A
(u' )'/~=0, 39(16)
B=1.20 A
B =0.6
B =0.6
(u )' =0.07(5) A
(u )' =0.05(4) A
(u2 )i/2 Q 32(4)
B =0.6
B =0.6
B =0.6
B =0.6
B =0.6
B =0.6

hx (A)

—0.64(8)
—0.80(8)

—0.16(8)
0.00( + )

0.00( )

0.00( + )

0.00( + )

0.06(6)

hz (A)

—0.28(6)
0.28(6)

—0.28(11}
—0.06{10)
—0.34(11)
—0.17(17)
—0.34(30)
—0.17(17)

Occupancy

0.40

0.40

0.80

0.10
0.50
0.50
1.00

1.00
1.00
1.00
1.00
1.00
1.00

TABLE IX. K/Ge(001)(2X 1) at 0.5-ML coverage. 83 rejections; R =7.4%; R„=15.6%; GOF is 1.22. ( + ) denotes fixed due to
symmetry.

Atom

Kdyn
1

K2
Gedyn

1

Ge2
Ge3)
Ge»
Ge4)
Ge42
Ges

0.5( + )

0.41(5)
0.15(1)

0.24(1)
0.00( + )

0.50( + )

0.00( + )

0.50( 4 )

0.25( 1)

Q 5(g)

0.0( + )

pp(g}

Q.5( g )

p.5( g }
0 5(g)
0.0( + )

0.0( )

0.0( + )

—0.27(4)

—0.31(5)
0.00( + )

0.20(1)
0.49(2)
0.46(2)
0.73(2)
0.71(3)
0.95(4)

Thermal parameter

(u' )'"=P.1P A
(u )'/ =0.10 A
(u )' =0.65(40) A
( u ) ' =0 55(30) A
(u )'/ =0.11(3)
(u )' =009(3) A
(u )' =0.48(3) A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A
B=0.6 A

Ax (A)

—0.80(8)

—0.08(8)
o.oo( )

o.oo( + )

0.00( )

o.oo(~ )

0.00{8)

Az (A)

0.00( + )

—o.28(s)
—o.o6(1o)
—0.23(10)
—0.10(10)
—0.23(17)
—0.28(23)

Occupancy

0.30

0.15
1.00

1.00
1.00
1.00
1.00
1.00
1.00
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