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The different structures of Pb on Ge(ll1) have been studied as a function of Pb-coverage up to two monolayers with scanning 
tunneling microscopy. At low coverages a ~$2 X 8) and a (6 X fi)R30” reconstruction with a mixture of Pb and Ge adatoms both 
occupying TCsites was observed. The bias voltage dependence of topographic images of these structures is interpreted in terms of a 
charge transfer between the different adatom dangling-bond orbitals. On the basis of the STM images new structural models for 
the metastable (4 X 4) reconstruction and the higher density (J?; X fi)R30” reconstruction are proposed. In addition a previously 
unobserved striped incommensurate phase was found for coverages greater than 4/3 monolayers. The data from this striped phase 
are compared with the predictions of domain-wall theory for commensurate-incommensurate phase transitions. 

1. Introduction 

The closely-related systems Pb/Ge(lll) and 
Pb/Si(lll) may be considered as prototype mod- 
els of simple metal-semiconductor interfaces be- 
cause in both cases abrupt junctions with negligi- 
ble intermixing are formed. The solubility of Pb 
in bulk Si and Ge is extremely small and there 
are no chemical reactions between the compo- 
nents [l]. The Schottky-barrier height of 
Pb/Si(lll) diodes is known to be strongly depen- 
dent on the epitaxial orientation of the first Pb 
monolayer [2,3]. Hence, studies of the atomic 
geometry of Pb-semiconductor interfaces should 
provide some insight into the mechanisms that 
determine Schottky-barrier heights. Furthermore, 
since Pb neither desorbs from nor diffuses into 
the substrate over a wide range of temperatures, 
ideal Pb/Ge(lll) and Pb/Si(lll) interfaces are 
experimental realisations of 2D systems which 
can be used to test the range of applicability of 
the theory of critical phenomena in two dimen- 
sions. For example, Pb/Ge(lll) displays a re- 
versible phase transition which has been inter- 
preted as a 2D melting process [4,51. Conse- 
quently the structure and physical properties of 

Pb/Ge(lll) are of considerable interest for both 
technological and fundamental reasons. 

The surface structure of Pb/Ge(lll) was first 
studied by Metois and Le Lay using low energy 
electron diffraction (LEED), Auger electron 
spectroscopy and scanning electron microscopy in 
1983 [6]. They identified three (6 x fi)R30” 
structures (in the following referred to as 6) at 
coverages of 0.03, 0.3 and 1 ML, where one 
monolayer (ML) is equal to 7.22 X 1014 atoms/ 
cm2. Ichikawa proposed a phase-diagram for Pb/ 
Ge(ll1) based on reflection high energy electron 
diffraction (RHEED) measurements [7]. In addi- 
tion to a metastable (4 X 4) reconstruction two 
different 6 structures were found; the a-(dilute) 
phase and the /3-(dense) phase. The structural 
models for the 6 structures of Pb/Ge(lll) de- 
rived from surface X-ray diffraction (XRD) ex- 
periments [81 are similar to the original model 
proposed by Estrup and Morisson [91 for 
Pb/Si(lll): i.e., a simple adatom model formed 
by placing the Pb-atoms above the second-layer 
Ge-atoms (T6sites) in the a-phase and a single 
distorted close-packed 30” rotated Pb-layer with 
only 1% mismatch to an ideal Pb(ll1) layer in the 
P-phase. The corresponding saturation coverages 
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are l/3 and 4/3 ML respectively. X-ray standing 
wave measurements (XSW) [lOI and dynamical 
LEED analysis [Ill revealed that the lead atoms 
of the close-packed P-phase form a double layer. 
Recently a v’? mosaic phase was observed for Sn 
and Pb on Si(ll1) [ll]. Based on scanning tunnel- 
ing microscopy (STM), LEED, Rutherford 
backscattering (RBS) and thermal desorption 
spectroscopy Ganz et al. proposed that the mo- 

saic phase of Pb/Si(lfl) consists of alternating 
chains of Pb and Si adatoms on Trl-sites (1: 1 Pb 
to Si ratio) giving a coverage of l/6 ML of Pb 
1131. Ganz et al. also used STM to study the 
surface diffusion of isolated Pb adatoms on 
Ge(ll1) [14]. In the following we report results 
from STM measurements on the geometrical 
structures of Pb on Ge(lll) in the coverage 
regime up to two monolayers. 

Fig 1. Tunneling image of a 290 x 150 AZ area of 0.1 ML Pb on Ge(ll1) acquired at (a) + 1.2 V sample bias and 1.5 nA tunneling 

current (b) - 1.0 V sample bias and 1.3 nA tunneling current. The arrows indicate fi (A), c(2 X 4) (B) and (2 X 2) (cl unit ceifs 
and two separate Pb adatoms (D and E). 
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2. Experimental 

The experiments were performed in an ultra 
high vacuum (UHV) system (base pressure < 4 X 
lo- ‘i mbar) consisting of a molecular beam epi- 
taxy deposition chamber equipped with a RHEED 
apparatus, sample heating and a quartz film- 
thickness monitor, a separate preparation cham- 
ber for sputtering and annealing to clean the 
substrates and an analysis chamber containing 
a LEED system and a commercial STM 
(OMICRON Vakuumphys~ GmbH). We used 
electrochemically etched tungsten tips, which 
were formed in situ by scanning at high bias 
voltage and tunneling current. If not otherwise 
mentioned all images shown here are unfiltered 
raw data with a linear background subtracted. 
Clean reconstructed Ge(lll)-c(2 X 8) surfaces 
were prepared by repeated cycles of sputtering 
with 500 eV Arf ions at a temperature of 500°C 
and annealing at 650°C until a bright and sharp 
c(2 X 8) LEED pattern with a low background 
was observed. The duration and temperature of 
the annealing process as well as the cooling rate 
after the anneal do not seem to be particularly 
critical parameters. STM images of the clean 
Ge(lll)-c(2 X 8) surface showed large terraces 
(- 5000 .&” of ~(2 x 8) structure with a domain 
size of typically (500 Aj2. Images of the clean 
reconstructed Ge surface at a small negative bias 
voltage were used to determine the orientation of 
the sample. Pb was evaporated from an effusion 
cell with a PBN crucible at a rate of N 5 x 1O-3 
ML/s. During deposition the pressure was main- 
tained at less than 1 x lo-” mbar. We found 
that samples could be cleaned for reuse either by 
sputtering and annealing or by simply heating up 
to 500°C to desorb all of the Pb. 

3. Results and discussion 

We begin by presenting our results for low 
coverages deposited at room temperature. After 
depositing about 0.1 ML Pb we observed an elec- 
tron diffraction pattern consisting of ~(2 x 8) and 
weak 6 spots. STM images from the same sam- 
ple showed large ~(2 x 8) reconstructed domains 

with a few bright protrusions, typically one per 
(100 A)‘, probably caused by single lead atoms. 
Most of the lead seemed to be concentrated at 
steps and domain boundaries of the c(2 X 8) re- 
construction in areas which had a diffuse and 
foggy appearance in the STM images. Sometimes 
we observed a faint 6 pattern inside these struc- 
tures. During the first seconds of a short anneal 
at about 100°C the fi RHEED pattern became 
brighter and less streaky. STM topograms showed 
that after annealing the lead atoms were dis- 
tributed more uniformly over the sample and that 
most of the lead atoms had replaced Ge adatoms. 
We conclude that at room temperature the lead 
atoms generally do not have enough energy to 
displace the Ge adatoms so they are losely bound 
and highly mobile on the undisturbed recon- 
structed Ge surface. The high mobility of the lead 
atoms leads to the formation of clusters at any 
kind of defects such as step edges, and if the local 
density of Pb atoms is high enough a o-phase 
will develop. If not otherwise mentioned the fol- 
lowing results were obtained from samples which 
were annealed for about 5 min at 100°C after 
deposition at room temperature. 

In fig. 1 two tunneling topograms from a sam- 
ple with a coverage of about 0.1 ML are shown 
which were acquired at bias voltages of + 1.2 and 
- 1.0 V, respectively. The imaged surface consists 
basically of two parts; on the right there is a 
v’?-reconstructed area while in the rest of the 
image, which is less well ordered, one can see 
mainly the two types of unit cells which form the 
building blocks of the ~(2 x 8) reconstruction of 
clean germanium, i.e., ~(2 X 4) and (2 X 2) units 
115,161. Within these unit cells both grey (e.g. at B 
and C> and white (e.g. at D and E) protrusions 
can be seen with positive sample bias. The cover- 
age dependence of these protrusions indicates 
that the white protrusions are due to Pb atoms 
and the grey protrusions correspond to Ge atoms. 
It is well known that STM images of the clean 
Ge(lll)-c(2 X 8) surface reveal two different types 
of surface atoms, namely the adatoms at TCsites 
and the triply-~ordinated second-layer rest- 
atoms which have an unsaturated dangling bond 
1173. Since there is a charge transfer in the ~(2 x 8) 
reconstruction from the Ge adatoms to the Ge 
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rest-atoms the dangling-bond band of the adatoms 
is almost empty while the rest-atom dangling-bond 
band is almost completely filled [17-191. Accord- 
ingly the darker protrusions in the empty-state 
image (fig. la) correspond to the Ge adatoms 
located at T4-sites and it is easy to verify directly 
from the STM images that the Pb atoms as well 
as the protrusions in the a-reconstructed area 
are also located at Tbsites. At a bias of - 1.0 V 
the Ge rest-atoms become visible instead of the 
adatoms. The Pb adatoms can still be seen, but 
some of them appear as bright as the white 
protrusions in the &-reconstructed area (E) and 
some of them appear darker CD). We can explain 
this assuming that there is charge transfer from 
the Pb atoms of type D to the neighbouring Ge 
rest-atoms. The appearance of the type E Pb 
atoms can be explained by a blocking of the 
charge transfer which may have several possible 
causes. The most obvious reason for the charge 
transfer to be blocked is when there are no 
neighbouring rest-atoms, or an insufficient num- 
ber of neighbouring rest-atoms as is the case for 
the atom marked (El which is located at the 
corner of a single fi unit cell. Other possible 
mechanisms for blocking of charge transfer such 
as hydrogen contamination or Group III impuri- 
ties have recently been discussed in two studies 
concerning charge transfer in the clean Ge sur- 
face [20,21]. 

In the fi-reconstructed part of the filled-state 
image (fig. lb) bright protrusions and darker spots 
can be seen. At higher Pb coverage the number 
of dark spots decreases (see fig. 2a) so we con- 
clude that the bright protrusions are due to type 
E Pb adatoms while the dark spots are caused by 
Ge adatoms which are incorporated into the new 
reconstruction. We find that all of the atoms are 
located at T4-sites, in good agreement with the 
model proposed by Feidenhans’l et al. from X-ray 
diffraction studies 181 which is also supported by 
theoretical calculations [22]. In the filled-state 
image 2a and in the corresponding cross-section 
(2b solid line) it can be seen that there is an 
indentation at the position of the Ge atoms and 
that the adjoining Pb atoms appear (0.1-0.2) A 
higher than the other Pb atoms, In the cross-sec- 
tion taken from the ~rresponding image at posi- 

Fig. 2. (a) STM image of a 325 x 350 k area of the a-phase of 
Pb/Ge(lll) acquired with a sample bias of -0.6 V and 1.0 
nA tunneling current. (b) Cross-sections taken along the 
high-lighted line in (a) (solid line) and along the same line in a 
corresponding empty-state image acquired with a sample bias 
of +1.2 V and a tunneling current of 2.1 nA (dashed line). 
The two vertical lines indicate the positions of substitutional 

Ge adatoms. 

tive bias (fig. 2b dashed line) the indentation at 
the position of the Ge atoms has changed into a 
protrusion which is, however, still smaller than 
that of the Pb atoms. We can explain this assum- 
ing that, since the Pb atoms have a larger cova- 
lent radius, they are higher than the embedded 
Ge atoms and that there is charge transfer from 
the Ge adatoms to the neighbouring Pb adatoms. 
This charge transfer leads to an enhanced con- 
trast in the apparent height between the two 
types of atoms for negative bias and to a reduced 
contrast at positive bias. A similar charge transfer 
has been reported in a recent photoemission study 



Fig. 

of t :he mosaic phase of Pb~Si~lll) 1231. In fig. lb 
it c :an be seen that the different atoms are not 
dist xibuted randomly, but tend to form chains. 
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3. Tunneling image of a 230 x 150 AZ area of the y’% e-phase of Pb/GeQll) acquired with a sample bias of + 1.0 V a 
leling current of 1.0 nA. The three sub-domains are separated by domain boundaries consisting mostly of primitive e12 x 41 

cells. The arrow (A) indicates a vacancy. 

Similar chains have aiso been observed for 
Pb/Si(lll) [13] and AIfSi(lll) [%I and it has 
been suggested that such structures may be ir kter- 

md a 
1 unit 

Fig. 
With 

4. STM image acquired at + 1.0 V sample bias and 1.0 nA tunneling current from a 220 x 150 A2 area of a Ge surface cot 
N 0.5 ML Pb. The n-phase is on the right, the P-phase in the upper-left corner and the metastable (4 x 4) reconstructic 

the lower-Left corner. The superimposed fi grid is in registry with the a-phase. 

rered 
38 in 
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preted by analogy with a two-dimensional hexag- 
onal antiferromagnetic Ising model [13]. Such an 
interpretation is hampered by the fact that the 
charge transfer and consequently also the interac- 
tion between the atoms depends on the environ- 
ment of each atom. 

At coverages close to l/3 ML almost the 
entire surface is covered with the fi a-phase 
with a few remaining substitutional Ge adatoms. 
Domain sizes are typically (100-300 A)” and do- 
main boundaries consisting mostly of primitive 
c(2 X 4) unit cells are formed (see fig. 3). The 
number of point defects (e.g. at A) found on the 
surface was very small. They may be attributed to 
either vacancies or contamination with hydrogen 
atoms which modify the surface electronic struc- 
ture by saturating dangling bonds. 

At coverages above l/3 ML two new surface 
structures, a metastable (4 X 4) reconstruction and 
the close-packed fi P-phase, begin to develop. 
In fig. 4 which is an empty-state image from a 
sample with a coverage of about 0.5 ML, both 
fi-phases can be seen in coexistence with the 
(4 X 4) reconstruction. The superimposed grid was 
aligned with the a-phase on the right. In the 
P-phase shown in the upper-left corner of the 
image, one protrusion per unit cell can be seen 
which is located for both tunneling voltage polari- 
ties on a hollow site above the fourth Ge layer 
(H3). The corrugation observed on the P-phase 
<or negative tunneling voltages was typically 0.05 
A which is much smaller than that of the a-phase. 
The occupied states in the P-phase are therefore 
delocalized as in metals, whereas the bonding in 
the a-phase is more covalent in nature. Depend- 
ing on the bias and the conditiods of the tip the 
P-phase lies between 1 and 1.6 A higher than the 
a-phase. In fig. 5a an STM topogram of the 
P-phase recorded with a bias voltage of +5.0 mV 
and a tunneling current of 12 nA is shown. Now 
four protrusions per unit cell can be seen which 
can be mapped onto the Ge substrate lattice as 
shown in fig. 5b. This picture is quite similar to 
the structural model of the P-phase derived from 
X-ray diffraction [S]. The main difference is that 
we have rotated the substrate 180” around the 
surface normal which places the bridge-site atoms 
closer to T6sites instead of Tl-sites. This gives a 

Fig. 5. (a) Tunneling image of a 50X50 k area of the 
P-phase acquired with +5.0 mV sample bias and 13 nA 
tunneling current. (b) Structural model of the P-phase. Small 
and medium sized filled circles represent the ideal (111) 
surface. The dashed lines indicate a fi unit cell. Large open 
circles represent Pb atoms occupying bridge positions close to 
T4-sites and the large filled circles represent Pb atoms at 

H3-sites. 

more plausible picture for the growth of the 
P-phase because in our model we can obtain the 
P-phase from the a-phase by simply filling in the 
interstitial positions. In our STM topograms the 
hollow-site atoms appear N 0.15 A higher than 
the bridge-site atoms. We obtain a closest in-plane 
distance between Pb atoms of a = (2.9 + 0.2) A 
which agrees well with the value from X-ray 
diffraction of (3.11 $- 0.02) A [8]. 
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In the (4 x 4)-reconstructed part of the surface 
six protrusions per unit cell can be seen. Assum- 
ing that each prot~sion represents a Pb atom we 
obtain the structural model for the (4 X 4) recon- 
struction shown in fig. 6. The model corresponds 
to a coverage of 9/24 ML, which is slightly greater 
than the 8/24 ML saturation coverage of the 
a-phase. The protrusions marked as filled circles 
in fig. 6 appear higher in a filled-state image (not 
shown), while the open circles mark the brightest 
spots in the empty-state image (fig. 4). The do- 
main sizes which we obtained with our prepara- 
tion technique were typically only (100-400 Aj2. 
The domains were separated by ~-r~const~cted 
areas and we never observed a subdomain bound- 
ary inside the (4 x 4) areas. On heating the sam- 
ple up to 300°C the (4 x 4) reconstruction van- 
ished completely and irreversibly. A detailed 
analysis of the (4 X 4) reconstruction will be pre- 
sented elsewhere. 

At a coverage of 1.3 ML the whole surface is 
covered by the 6 P-phase. Adding more lead to 
the sample gives rise to a striped incommensurate 
structure (SIC) which to our knowledge has not 
been observed previously in this system. The driv- 
ing force for the fo~ation of a SIC arises from 
the competition between the inter-adatom and 
the adatom-substrate interactions. The basic 

Fig. 6. Structural model of the (4x4) recanstruction. Small 
and medium-sized filled circles represent the ideal (111) 
surface. The dashed lines indicate a (4X4) unit cell. Large 
open circles represent Pb atoms which appear bright in 
empty-state images while the Pb atoms represented by large 
filled circles appear b$ght in filled-state images (cx = 6.0 f 0.7 

A, b = 4.5 f 0.4 &. 

ideas for the theoretical description of commen- 
surate-inco~eusurate (CI) phase transitions go 
back to the ID model of Frank and van der 
Merwe [25]. They calculated that the ground state 
of an adlayer at a coverage slightly above or 
below the commensurate value should consist of 
broad commensurate regions separated by nar- 
row regions with a correspondingly higher or 
lower density, which are called misfit dislocations, 
solitons or domain walls. The theoretical descrip- 
tion of such systems has attracted considerable 
attention over the past twenty years and a vast 
amount of literature has accumulated 1261. For a 
system with hexagonal ~rnet~ Bak et al. [27] 
determined two possible kinds of domain net- 
works at zero temperature depending on the en- 
ergy of the wah intersections and on the misfit 
between substrate and adsorbate layer; a striped 
phase (SIC) consisting of parallel domain walls 
and a hexagonal phase CHIC) in which the do- 
main walls form a honeycomb pattern. They 
showed that the commensurate-incommensurate 
phase transition should be first order for the HIC 
while a transition to a SIC should be continuous. 
At elevated temperature the domain walls are 
expected to meander and intersections of the 
walls also become possible in the striped phase 
Dl. 

Most experimental data on CI phase transi- 
tions have so far been obtained using diffraction 
techniques [29]. The first direct observation of 
domain walls was on 2H-TaSe, in 1981 using 
electron microscopy 1301. Domain walls can be 
characterized by four quantities: displacement 
vector, width, direction and the excess density 
compared to the ~mmensurate value per unit 
length. The first three of these quantities can be 
obtained easily with STM, which is not the case 
for diffraction methods or conventional electron 
microscopy. The displacement vector of the do- 
main walls is a topologica1 feature for each wall, 
which is independent of the direction of the wall, 
and must be a lattice vector of the substrate. In 
other words a domain wall separates two of the 
equivalent sub-domains of the adsorbate-induced 
structure. A fi structure has three subdomains 
as illustrated in fig. 7b. (Rare gases adsorbed on 
graphite, which also have 6 structures, have in 



22 L. Seehofer et al. / STM study of the structure and phases of Pb on Ge(lll) 

the past served as model systems for testing do- 
main-wall theory. Since many result of the theory 
only depend on the s~rnet~ of the system we 
can directly compare our measurements to the- 
ory.) Fig. 7a shows a tunneling topogram of a 
sample with a lead coverage of approximately 1.4 
ML, which incidentally was not very well pre- 
pared since it has a lot of defects. The sub-do- 
mains are labelled according to fig. 7b. At two 
points one can see three intersecting domain 
walls separating all three subdomains. For sam- 
ples with less defects very few wall intersections 
were found which indicates that firstly Pb on Ge 
gives rise to a striped inco~ensurate phase and 

secondly the domain walls can be pinned by de- 
fect% The width of a single domain wall is about 
66 A and is independent of the coverage. We 
found that the domain walls tend to run almost 
parallel to a [ll?] direction. The typical distance 
between two domain walls depends on the cover- 
age and reaches a minimum of about 130 A at 
coverages above 1.6 ML. Adding more lead to the 
sample does not change the appearance of the 
domain walls in STM, but the LEED pattern 
indicates the presence of 3D lead crystallites. 
Each domain wall looks like a herring-bone 
pointing in [ii21 direction with a hexagonal struc- 
ture in the middle with prot~sions located at 

Fig. 7. (a) STM image acquired at +0.16 V sample bias and 1.6 nA tunneling current from a 980 X 560 li’ area of a Ge surface 
covered with - 1.4 ML Pb. The sub-domains are labeled according to (b). (b) Ideal (111) surface with a fi unit ceil (dashed). The 

asterisks indicate the origins of the three different subdomains of the 6 structure. 
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TCsites. One possibility for calculating the excess 
density of the domain walls is simply to use the 
displacement vector [311 which would indicate 
that the walls are of the superheavy type as 
shown in fig. 7a. This picture seems to be too 
simplistic since, in our case, the fact that the 
protrusions in the hexagonal structure in the mid- 
dle of the domain walls are located at T4-sites 
indicates that the walls are not formed by a 
simple uniaxial compression of the commensurate 
phase perpendicular to the direction of the walls. 
Obviously the symmetry of the substrate which is 
C, in this case and not hexagonal plays a role in 
the sense that Tl- and TCsites are inequivalent. 
We think that the additional mass in the domain 
walls sits adjacent to the hexagonal structure giv- 
ing rise to the “bones”. One needs a detailed 
atomic model of the domain walls to determine 
the excess density and this information is not 
available at present. 

We frequently observed, as in the lower left 
corner of fig. 7a, that the domain walls are less 
stable at kinks or at intersections between the 
walls since tunneling conditions were often unsta- 
ble at these points. This effect together with the 
protrusions being in the middle of the walls are 
both in agreement with the fact that one observes 
a striped and not a honeycomb phase. Assuming 
that the protrusions in the middle of the domain 
walls correspond directly to the positions of lead 
atoms one can argue as follows. At an intersec- 
tion of three domain walls, each wall would like 
to shift a Pb adatom to a different T6site corre- 
sponding to the three different domains giving 
rise to an unstable structure which is energeti- 
cally unfavourable. Consequently the system tries 
to minimize the number of wall intersections and 

kinks which leads to a striped phase. Since we 
never observed a striped phase in coexistence 
with the commensurate P-phase and since the 
distance between the domain walls is a continu- 
ous function of the coverage we believe that the 
CI phase transition of Pb/Ge(lll) is continuous, 
in agreement with the theory of Bak et al. [271. 
The domain walls run mostly parallel to step 
edges; although, if they end at a step edge, they 
approach it almost perpendicularly. 

No differences were found between samples 
which were not annealed after depositing over 1.4 
ML Pb at room temperature and those annealed 
at 100°C. However, after heating the SIC phase 
above the 6 to 1 x 1 phase transition tempera- 
ture we only observed a pure P-phase with STM. 
The additional lead probably diffused into the 3D 
lead crystallites which were identified in LEED. 
On the time scale of hours we did not observe 
any movement of domain walls at room tempera- 
ture. It should be noted that at this level the 
continuous approximation for the overlayer is no 
longer adequate and one has to take the discrete- 
ness of the overlayer into account which leads to 
a pinning of the domain walls even on the 
defect-free ideal surface [281. Consequently, our 
measurements taken at room temperature pri- 
marily reflect the T = 0 case for which no wall 
intersections are predicted, which supports the 
idea that the intersections observed are caused by 
finite-size effects and an additional pinning of the 
walls at defects. 

We have demonstrated that in the P-phase of 
Pb/Ge(lll) the domain walls are the primary 
location of the excess density over the commensu- 
rate phase. Now it is worth considering the satu- 
rated a-phase again (fig. 3) where the situation is 

0.05ML 0.2ML 0.3ML 4/3ML (pure P-phase) 

c(2x8)+amin alnt rz SIC+BD-islands 
I 

t 
0.375ML (pure 4x4) 

Fig. 8. Experimental phase diagram for the room temperature phases of Pb/Ge(lll). 
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reversed. If we simply ignore that we have two 
different kinds of adatoms we obtain an average 
adatom density which is below the commensurate 
value. However, in this case most of the missing 
adatom density is concentrated in the three inter- 
secting light domain walls 

Fig. 8 shows a simple one-dimensional phase 
diagram for Pb/Ge(lll) derived from our experi- 
mental data. We determined the first three cover- 
ages by counting the different sorts of adatom! in 
28 STM images with a typical size of (500 Aj2. 
The values were reproducible for different sam- 
ples within an error of a few percent. The last 
coverage given was determined from the ideal 
value for a 6 structure with four atoms per unit 
cell. Up to a coverage of 0.05 ML we only ob- 
served the ~$2 x 8) structure with poor long-range 
order which consists of a mixture of Pb and Ge 
adatoms. From 0.05 ML to 0.2 ML we found the 
c(2 x 8) reconstruction in coexistence with the 
cy-mosaic phase. The lowest fraction of Pb 
adatoms in the mosaic phase, corresponding to a 
coverage of (0.200 + 0.015) ML, was observed if 
the mosaic phase was in coexistence with the 
c(2 x 8) reconstruction. The corresponding maxi- 
mum value for the mosaic phase in coexistence 
with the P-phase was (0.297 rt 0.006) ML. All 
intermediate values were possible if the a-phase 
was alone or in coexistence with only the (4 X 4) 
reconstruction. It should be noted that our mini- 
mum value for the lead coverage of the mosaic 
phase is slightly higher than the value of l/6 ML 
for Pb/Si(lll) determined by Ganz et al. [13l 
using RBS. Since we find that over a wide range 
of coverages the a-phase always has incorporated 
Ge atoms, it seems likely that if more lead is 
added to the sample the displaced Ge atoms are 
able to move large distances over the surface and 
will probably agglomerate at step edges. In the 
P-phase, on which we observed very few point 
defects, we often found almost circular islands ?f 
a-phase with diameters of typically 200-300 A. 
At coverages above 4/3 ML we observed similar 
islands of p-phase on the striped phase and also 
striped phase islands on the striped phase. Since 
we never saw similar islands on the clean germa- 
nium surface, or on the a-phase, we conclude 
that these islands are formed from Ge atoms 

which were previously substitutional adatoms in 
the mosaic phase which were trapped by the 
growing P-phase. 

The coverage range over which we observed 
the (4 X 4) reconstruction is also marked in the 
phase diagram. The coverage of 0.375 ML corre- 
sponds to the ideal value for a (4 x 4) structure 
with six atoms per unit cell as in the structural 
model shown in fig. 4b. 

4. Conclusions 

We have examined in detail the different 
structures of Pb on Ge(ll1) as a function of 
coverage in the region up to two monolayers. The 
c(2 x 8) and the fi a-phase reconstructions found 
at low coverages can both be described by a 
simple adatom model with T4 adsorption sites. In 
both reconstructions Pb and Ge adatoms can 
replace each other which contrasts to the ex- 
tremely low bulk solubility of Pb in Ge. In the 
~$2 x 8) phase there is charge transfer from the 
Pb adatoms to the Ge rest-atoms, while in the fi 
a-phase the charge transfer is from the Ge 
adatoms to the Pb adatoms. In the a-phase we 
observed frequent domain boundaries consisting 
mostly of primitive ~$2 x 4) unit cells. We have 
suggested a new structural model for the 
metastable (4 X 4) structure found at intermedi- 
ate coverages and a modified structural model for 
the close-packed fi P-phase. Finally, above the 
saturation coverage of the P-phase we observed a 
striped incommensurate phase which can be de- 
scribed in terms of domain-wall thtory. The width 
of the domain walls is about 66 A and they are 
mostly oriented in the [llzl direction. 
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