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1. Introduction

The termination of a bulk crystal by a free surface leads to the occurrence of unsatu-
rated chemical bonds for the surface atoms corresponding to so-called dangling bonds for
the case of a predominantly covalent material such as semiconductors. This frustrated
chemistry of the clean surface is the driving force for reconstructions. Likewise in the
case of adsorption on semiconductors the equilibrium structure is strongly dictated by
the attempt to achieve chemical passivation. Owing to the strong and highly directional
bonds of covalent semiconductors the ground state in energy of the resulting surface
reconstruction is usually well ordered, periodic and commensurate with the bulk of the
substrate. While the search is ongoing, a large number of adsorbate induced reconstruc-
tions fitting into this picture have meanwhile been discovered (see e.g. [1, 2]). However,
some adsorbates do not fit this scheme and give rise to reconstructions which seem to be
astonishingly different.

Already in 1964 Lander and Morrison [3] observed rather complex low-energy electron
diffraction (LEED) patterns subsequent to the deposition of Al (covalent radius 1.26 �A)
and In (covalent radius 1.44 �A) on Si(111) (Si covalent radius 1.17�A). Lacking direct
proof, they speculated that the trivalent metals might substitute for the (111) top doub-
le layer and thus terminate and passivate the surface, but that ª. . . periodically some-
thing is also done to relieve the strain . . .º and that this something produced the com-
plex LEED pattern. Similarly complicated reflection high-energy electron diffraction
(RHEED) patterns were observed much later in 1985 from annealed Si(111) surfaces
after Ga (covalent radius 1.26 �A) deposition in the monolayer (ML) range [4] (we define:
1 ML �b one atom per substrate surface atom). The reconstruction of Si(111) induced by
Cu (metallic bond length 2.56 �A) was also studied early in 1970 by LEED but was first
assigned to be commensurate [5]. The Ge(111) (Ge covalent radius 1.23 �A) surface at-
tracted much less attention than Si(111) and corresponding reconstructions, later recog-
nized as being discommensurate, were reported much later. Unusual reconstructions
were reported for Ge(111) : In in 1981 [6], Ge(111) : Cu in 1989 [7], and for Ge(111) : Ga
in 1992 [8].

The structural properties and peculiarities of all these reconstructions were not recog-
nized immediately since traditional surface analysis tools appeared to be not well suited
for their characterization. Two new tools in surface science, scanning tunneling micro-
scopy (STM) [9] and X-ray standing waves (XSW) [10, 11] were invaluable for a thor-
ough understanding. While XSW measurements showed for the case Si(111) : Ga that in
the ML (1 ML � 7:84� 1014 atoms cmÿ2) range Ga is simply substituting for the Si sur-
face atoms, i.e., the Si atoms of the outermost double layer [12] (cf. Fig. 1), the first
STM image revealed a surprising strange surface structure [13, 14]: The surface was tiled
by domains, several Si lattice units in size, in a nonperiodic way. The interior of the
domains exhibited a hexagonal structure with a lattice constant about 7% larger than
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the 3.84 �A lattice constant of the
Si(111) surface. From the XSW results
is was clear that the STM was imaging
the substitutional Ga atoms. Rehybridi-
zation (sp3 ! sp2 � pz, i.e., more gra-
phite like) of the Si±Ga surface layer
and inward relaxation of the Ga atoms,
as concluded from first principle total
energy calculations [12], obviously cre-
ates such a forceful stress in the surface

that the Si±Ga layer expands and becomes locally, within the domains, incommensu-
rate. The domains are separated by a two-dimensional network of dislocations, i.e., dis-
commensurations.

Quite a number of studies tried to resolve the structure of Si(111) : Cu [15 to 18].
STM images of the Si(111) : Cu surfaces structure were as striking [19 to 21] as the
images of Si(111) : Ga. However, despite the wealth of ±± partially seemingly conflicting
±± information the microscopic structure of the discommensurate phase of Si(111) : Cu
was not understood until XSW results became available [22]. The Cu atoms were found
to be adsorbed on the (111) surface in substitutional and H3 sites with considerable
downward relaxation. Thus the Si(111) surface bilayer is converted into a densely
packed hexagonal layer made of Si and Cu with stoichiometry Cu2Si. Severe compres-
sive stress again results in local incommensurability and the appearance of domains se-
parated by discommensurations.

Of the discussed class of systems, most thoroughly investigated and fairly well under-
stood up to now are the reconstructions induced by Ga on the Ge(111) surface. At low
coverages (. 0.1 ML) Ga stabilizes a superlattice of domains in the interior of which Ge
adatoms are in T4 sites with 2� 2 periodicity [23, 24]. The domains are fluctuating
in size and are separated by c(4� 2� antiphase domain walls [24]. At higher Ga
coverage, three different discommensurate phases have been identified in the ML
(1 ML� 7:23� 1014 atoms cmÿ2 on Ge(111)) regime and were studied by LEED, STM,
surface X-ray diffraction (SXRD), XSW and ab initio total energy minimization calcula-
tions [8, 25 to 28]. One of these three phases, appearing at the highest Ga coverage, is
metastable [28] and will not be discussed here. The surface structures of Si(111) : Ga and
Ge(111) : Ga are most likely very similar except that a commensurate
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phase with a maximum coverage of 1/3 ML Ga exists on Si(111) [29] but is not stable
on Ge(111) [23, 28, 30].

Of the two systems which Lander and Morrison [3] had investigated 1964 with their
pioneering LEED work, Si(111) : In has been studied meanwhile by several groups. Quite
a number of reconstructions are reported, but, although the atomic structure is not yet
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Fig.1. Substitutional adsorbate on the
(111), diamond structure surface in regular
stacking sequence as well as with a stacking
fault. The (111), (202), and �11�1� diffraction
planes are indicated



resolved, all the reconstructions seem to be commensurate [31]. The surface phases of
Si(111) : Al have not been that intensively studied but it appears that the system behaves
analogous to Si(111) : Ga, i.e., there is a commensurate
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R30� structure at 1/3 ML
coverage and the adsorbate becomes discommensurate at higher Al coverage [32].

We wish to clarify the nomenclature we use at this point. The term discommensurate
means that the structure is neither commensurate (coherent with the substrate lattice)
nor incommensurate (incoherent with the substrate lattice). In fact, discommensurate
phases are frequently observed during commensurate±incommensurate (CI) phase transi-
tions (mostly in case of physisorbed systems) driven e.g. by coverage or temperature.
Simplified, we can consider the structure of an adsorbate at T � 0 as dictated by two
competing forces or interaction energies: a) the adsorbate±adsorbate interaction and b)
the adsorbate±substrate interaction. If a) is dominant, the adsorbate will be incommen-
surate, i.e., exhibit its own lattice constant. If b) is dominant, the adsorbate will be
commensaturate, i.e., the adsorbate lattice constant will be dictated by the substrate. If
a) and b) are competitive, the resulting structure can be discommensurate. This princi-
pal behavior was realized already 1938 by Frenkel and Kontorova (FK) [33] and ana-
lyzed quite conclusively in the famous paper of Frank and van der Merwe (FvdM) in
1949 [34] (see Fig. 2). Despite extensive simplifications, the behavior of mismatched ad-
sorbate and epitaxial systems was surprisingly well described by the results of the theo-
ry. Besides treating the problem in the one-dimensional limit they assumed a harmonic
interaction potential between the adsorbate atoms and a sinusoidal interaction potential
between substrate and adsorbate. The discommensurate phase consists of domains, in
which the adsorbate is close to being in registry with the substrate, i.e., is weakly incom-
mensurate, but strained since it does not exhibit its own lattice constant. The domains
are separated by boundaries (discommensurations) where the strain, built up in the do-
mains, is released. In fact, the strain changes sign in these boundaries. If the adsorbate
is compressed in the domains, it expands in the domain walls (light walls) and vice versa
(heavy walls). It is an important property of such discommensurate structures on semi-
conductor surfaces that the discommensurations not only passively faciliate strain re-
lease but due to the covalent, directional nature of semiconductor bonds the domain
walls can adopt different bonding topologies and thus actively influence the total energy
of the discommensurate structure. This was first realized for the case Ge(111) : Ga
[27, 28]. The stability of the so-called b-phase is largely due to a chemically more passi-
vated bonding situation at the domain boundaries as compared to the g-phase.
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Fig.2. The Frenkel-Kontorova/Frank-van der Merwe model of a discommensurate adsorbate. Com-
petition between the substrate potential and the adsorbate±adsorbate ªspring constantº creates a
discommensurate reconstruction. a) Adsorbate on substrate with domain walls (DW). b) Location
of adsorbate atoms in the harmonic substrate potential, schematically



In the present report we will review the published results on Si(111) : Ga,
Si(111) : Cu, and Ge(111) : Ga, which permits a quite comprehensive description of the
structure and properties of the adsorbate induced phases. On the contrary, for
Ge(111) : Cu and Ge(111) : In, the experimental findings reported up to now are not
sufficient to describe the microscopic structure of these phases. We will report here new
XSW results on both systems. For Ge(111) : In we find that (upon annealing) In substi-
tutes for Ge surface atoms at all coverages; however, at higher coverages occupying
also partially the substitutional site in the wrong stacking sequence i.e., the surface
layer exhibits a h.c.p. instead of f.c.c. stacking sequence with respect to the bulk sub-
strate. For Ge(111) : Cu we find that in case of mild annealing Cu is located in substi-
tutional sites with regular stacking sequence and with a stacking fault. While this
(only) disommensurate phase appears on a first view rather similar to Si(111) : Cu our
results show that the microscopic structure within the domains exhibits CuGe2 (or
possibly CuGe) stoichiometry in contrast to the Cu2Si stoichiometry within the do-
mains of the Si(111): Cu discommensurate phase. Furthermore, the Ge(111) : Cu discom-
mensurate phase is thermodynamically instable. At higher annealing temperatures
�T � 600 �C), large amounts of Cu diffuse into the Ge bulk or form 3D islands on the
surface leaving most of the Ge(111) surface bare and c(2� 8� reconstructed. Unavoid-
ably, the thorough discussion of the rather unusual structural properties of Ge(111) : Cu
requires some breadth.

2. XSW Analysis

The new experimental results which will be reported in the following were obtained with
the X-ray standing wave technique [11, 35]. An X-ray interference field is generated by
Bragg reflecting X-rays by a perfect crystal. The wavefield exists within the overlap
region of the incoming and outgoing X-ray beams and resonantly adopts the spacing of
the diffraction planes. Within the range of Bragg reflection (i.e., within the resonance)
the phase v of the reflected electromagnetic wave changes by p (rad). As a consequence
the nodal/antinodal planes of the wavefield are moving inward by half a diffraction
plane spacing dH upon passing the total reflection range from the low angle toward the
high angle side of the glancing angle q.

For hard X-rays, the photoemission probability of core electrons is directly propor-
tional to the X-ray intensity at the center of the adsorbing atom. Consequently, if an
atom is on the surface of a Bragg reflecting crystal its photoemission or subsequent
X-ray fluorescence intensity will exhibit a characteristic dependence on the glancing
angle q indicative for its position zA with respect to the diffraction planes.

For an XSW measurement we record the photoemission or, as in the following, the
fluorescence yield YF simultaneously with the reflectively R as a function of the glancing
angle q. The (normalized) yield of a single atom on the surface is given by

YF � 1�R�q� � 2
����������
R�q�

p
cos �v�q� ÿ 2pzA=dH� : �1�

For a large number of atoms, present within the range of the interference field which is
the usual, realistic case, the yield employing a diffraction vector H can be described as

YF � 1�R�q� � 2
����������
R�q�

p
FH cos �v�q� ÿ 2pPH� ; �2�

Discommensurate Reconstructions of (111)Si and Ge 591



where the two parameters FH and PH are called coherent fraction �0 � FH � 1� and
coherent position �0 � PH < 1�, respectively. Comparison with Eq. (1) shows that for a
single atom FH � 1 and PH � zA=dH , i.e., the position of the atom can immediately be
determined. On the other hand, if we sample a large number of atoms and the deter-
mined yield function exhibits an FH-value of the order unity, all the atoms must occupy
almost the same position with respect to the diffraction planes and this position zA can
directly be inferred from the XSW result PH . For a wider distribution of positions, FH

will be reduced and PH will represent an average.
The fluorescence intensity IF from an adsorbate recorded during an XSW measure-

ment [35] can generally be expressed as

IF � I0YF �3a�

� I0 1�R� 2
����
R
p

DH Pn
i� 1

ci cos �vÿ 2pPH
i �

� �
�3b�

with YF given by Eq. (2). Here PH
i measures the i-th position zHi of the adsorbate with

respect to the �hkl� diffraction planes characterized by the diffraction vector H, normal-
ized by the diffraction plane spacing dH , i.e.,

PH
i � zHi H � zHi =dH ; �4�

with 0 � zHi < dH . Furthermore, ci is the fraction of the adsorbate atoms occupying the
i-th position with

P
ci � 1, I0 is an intensity factor which is proportional to the total

number of atoms contributing to the fluorescence, i.e. also proportional to the adsorbate
coverage and DH is the Debye-Waller factor which takes thermal vibrations of the ad-
sorbate into account. The two parameters PH and FH are determined by fitting a func-
tion given by Eq. (3a) to the measured fluorescence intensity with the fitting param-
eters I0, PH , and FH .

We can conveniently express FH and PH as

FH � �GH
c �GH

s �1=2 �5�

and

PH � �2p�ÿ1 tanÿ1 GH
s

GH
c

� � �0:5 if GH
c < 0 ;

�0 otherwise ;

�
�6�

where

GH
c �

Pn
i� 1

ci cos �2pPH
i � and GH

s �
Pn
i� 1

ci sin �2pPH
i � : �7�

PH and FH represent phase and amplitude of the H-th Fourier component of the distri-
bution function of the adsorbed atom from which the X-ray fluorescence is detected.

All XSW measurements reported in the following were carried out at the X15A beam-
line at the National Synchrotron Light Source at Brookhaven National Laboratory and
were performed at room temperature. More details of the XSW technique and the ex-
perimental set-up at the X15A are given in [35]. For more details of the XSW analysis
we refer to the literature [35, 36, 37].
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3. Experimental and Observations

3.1 Ge(111) : Ga

Ga induced phases obtained for QGa . 0.2 ML and QGa > 1 ML are not considered here.
These phases, none of which are commensurate, are e.g. described in [24, 25]. STM
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Fig.3. STM empty states images of the �0:7 ML Ga g-phase (a, b) and b-phase (c, d) of
Ge(111) : Ga [27]. The surface is tiled with a nonperiodic superlattice of domains about 7 to 8 and
14 to 16 Ge surface lattice constants (a110 � 4:0 �A� in size for the g (a) and b-phase (c), respec-
tively. The interior of the domains (b, d) exhibits a hexagonal lattice with a �10% increase in
lattice constant compared to a110 � 4:0 �A. The b-phase exhibits two types of domains in which the
stacking sequence with respect to the substrate bulk is different as the line drawn in (d) proves



images obtained for annealed (� 800 K)
Ge(111):Ga with QGa in the ML range
are shown in Fig. 3. The results of XSW
measurements are shown in Fig. 4. De-
tails of the sample preparation and other
experimental conditions can be found in
[26, 27]. At a saturation coverage of
about 0.7 ML Ga, the Ge(111) surface is
covered by a nonperiodic superlattice of
domains with an average spacing of

around 7.4a110 (a110 � 4:0 �A for Ge). A phase transition occurs at a coverage above
0.7 ML and at � 0:8 ML the surface is covered with much larger domains (14 to 16a110)
again tiling the surface in a nonperiodic way. For both phases, the g-phase at 0.7 ML
and the b-phase at 0.8 ML, the interior of the domains exhibits a hexagonal lattice with
� 4:4 �A lattice constant if empty states are imaged. Filled state images, published in
[27], look dramatically different. The interior of the domains appears almost featureless
whereas in the case of the g-phase the domain boundaries are marked by irregular atom-
ic protusions in contrast to the b-phase where the boundaries are also featureless.

For both phases, the (111) XSW results in terms of P 111 and F 111 are almost identi-
cal. The P 111 values are indicative of a relaxed substitutional position of the Ga (see
Section 1 and 4). However, the P 11�1 and F 11�1 values for the g- and b-phases are differ-
ent. The PH-values are given in the caption of Fig. 4. For the b-phase, P 111 and P 11�1 do
not indicate a high symmetry site. The low F 11�1 value for the g-phase indicates a fairly
large in-plane distribution of the Ga around the mean adsorption site. This distribution
is even larger for the b-phase as indicated by the even smaller F 11�1 value.

3.2 Si(111):Ga

The system Si(111):Ga was studied earlier than Ge(111):Ga, at a time when the nature
of the Ga induced phases was much less clear and thus the investigations of Si(111):Ga
are less comprehensive except for the commensurate

���
3
p � ���

3
p

R30� phase [14, 29] which
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Fig.4. XSW results for the a) Ge(111) : Ga g-
phase and b) b-phase obtained by employing
(111) and �11�1� substrate reflection. Shown
are reflectivity curves and the Ga-K fluores-
cence yield. Symbols are experimentally ob-
tained data and lines are fits to the data.
With the fits to the fluorescence yield, the
structure parameters PH and FH are ob-
tained, yielding P 111 � 0:95� 0:005,
F 111 � 0:95� 0:02, P 11�1 � 0:83� 0:005, and
F 11�1 � 0:48� 0:01 for the g-phase and
P 111 � 0:95� 0:005, F 111 � 0:87� 0:02,
P 11�1 � 0:74� 0:01, and F 11�1 � 0:13� 0:01, for
the b-phase. In the insets, the P 111 and P 11�1

results are indicated graphically



appears at QGa . 1/3 ML (on Ge(111) the
���
3
p

phase is not stable [25, 28]). The results
of XSW measurements for a Ga coverage >1/3 ML [30] are shown in Fig. 5. As in the
case of Ge(111):Ga (Fig. 4) the (111) measurement probes the distribution of Ga atoms
normal to the surface. The (202) measurement, as the �11�1� measurement in Fig. 4, is
sensitive to the in-plane registry of the Ga atoms. The results of the measurements
shown in Fig. 5 are rather similar to the results in Fig. 4 for the b-phase for Ge(111):Ga.
The Ga atoms are located within the surface layer in relaxed substitutional positons.
The PH values obtained by fits to the fluorescence yield curves in Fig. 5 are shown in
Fig. 6. Laterally, the adsorption site(s) and the Ga distribution around these sites for
this Si(111):Ga preparation mut be very similar to those for the Ge(111):Ga b-phase.
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Fig.5. XSW results for (111) and
(202) measurements on Si(111) : Ga,
�0:44 ML Ga annealed at 800 K.
Shown are the reflectivity and Ga-K
fluorescence yield. Symbols are experi-
mental data points and lines are fits
to the data. The orientation of the
used H-vectors and the orientation of
the ªstanding wavesº with respect to
the sample are schematically indicated

Fig.6. Graphical representation of the PH values
obtained by the fitted fluorescence yield curves in
Fig. 5. The P 111 and P 202 values are plotted in a
sideview of the Si(111) surface



3.3 Si(111):Cu

Only one Cu induced structure is ob-
served on the Si(111) surface which
forms for annealing temperatures above
800 K. STM images of this pseudo 5� 5
structure, usually denoted as
Si(111):Cu-`5�5' are reported by Wilson
and Chiang [19], Demuth et al. [20] and
Mortensen [21]. As for the previously
shown cases of Ga induced structures,
the reconstruction is not periodic. The
average periodicity of the hexagonal do-
main superlattice is 5:6� 5:6 [22]. For
comparison we reproduce [22] in Fig. 7
the results of (111) and (202) XSW mea-
surements for Cu on Si(111), annealed to

950 K. Coverages in the range 0.3 to 3 ML were investigated by XSW and a saturation
coverage of 1.3 ML was established. As for the two previously discussed cases
Ge(111):Ga and Si(111):Ga, the P 111 value is indicative of a Cu position within the
Si(111) surface diffraction plane. (The position of the (111) surface diffraction plane is
given by P 111 � 0:0 mod n.) But note that F 111 � 0:81, a value which could not be
increased despite careful preparation, indicates some distribution around the average
position P 111 � 0:99: Again the F 202 value, which is sensitive to the in-plane registry
of the Cu atoms, is rather small indicating that the Cu shows a fairly large distribu-
tion around the mean adsorption site within the surface plane. This mean Cu posi-
tion, given by the intersection of P 111 and P 202 (Fig. 8), is similar to the one ob-
tained for the Ge(111):Ga b-phase (Fig. 4). However, note that the Cu saturation
coverage with 1.3 ML is significantly larger than 1 ML.

3.4 Ge(111):Cu

STM images of the Cu deposited Ge(111) surface are shown in Fig. 9. Covered with ML
amounts and after a mild annealing to 400 to 500 K, a superlattice of domains is ob-
served on the surface (cf. Fig. 9a, b). The lattice exhibits hexagonal symmetry with a
spacing of the domains of about 9aGe

110. The domains are aligned along the family of the
substrate surface h101i directions. The surface structure seems rather similar to
Si(111):Cu-`5�5'. At RT it is not possible to resolve the structure of the interior of the
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Fig. 7. XSW results for Si(111) : Cu, 1.3 ML
annealed at 950 K. Shown are the results for a
(111) and a (202) measurement. Symbols are
experimental data, lines are fits to the data.
The geometry for the (111) and the (tilted)
(202) measurements is indicated in the figure.
The fits yielded P 111 � 0:99, F 111 � 0:81,
P 202 � 0:70, F 202 � 0:27



domains with STM. However, atomic
resolution is obtained at 50 K as
shown in Fig. 9d, e. A hexagonal ar-
rangement of protrusions, spaced at
4.2 �A, can be distinguished in the
interior of the domains. At positive
sample bias (emtpy state images)
the domain boundaries appear as
depressions (for filled state images
we refer to [38]).

Annealing to above 500 K leads
to the reappearance of areas of
clean Ge(111) reconstructed
c(2� 8� (cf. Fig. 9c). In comparison

with the well known c(2� 8� reconstruction the crystallographic orientation of the do-
main superlattive, as noted in Fig. 9b, c, d, f, can now be determined. For higher cover-
age and moderate annealing temperature, hexagonal shaped, three-dimensional (3D)
clusters appear on the surface (cf. Fig. 9f). For sufficiently high annealing temperature
�T > 750 K), the discommensurate phase disappears completely and the surface is cov-
ered by the 3D islands and c(2� 8� reconstructed areas.

The results of (111) and �11�1� XSW measurements for 1 ML Cu annealed to 500 K
are shown in Fig. 10. The fluorescence yield curves look strikingly similar to the ones
obtained for Si(111):Cu (cf. Fig. 7), thus indicating again a basically substitutional ad-
sorption site for the Cu. In Fig. 11 the P 111 and P 11�1 values are plotted again in a side-
view. The intersection marks a similar mean position as in the case of Si(111):Cu. How-
ever, several measurements confirmed that the (111) ªsubstitutional coverageº, i.e., the
product of F 111 and QCu, never exceeded 0.7 ML in contrast to Si(111):Cu where
F 111QCu reached 1.1 ML.

The annealing behavior of Ge(111):Cu (1.5 ML) studied with XSW is shown in
Fig. 10c, d. Annealed to 700 K, the fit of the fluorescence yield using the function

YF � Iÿ1
0 �1� R� 2

����
R
p

F 111 cos �vÿ 2pP 111�� ; �8�
which describes the yield expected from any surface adsorbate system, starts to give a
poor result and F 111 is strongly reduced. Upon annealing to 800 K the shape of the
fluorescence yield curve changes strongly and trying to fit a function given by Eq. (8) to
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Fig.8. a) Graphical representation of the
XSW results in terms of P 111 and P 202,
plotted in a sideview of the (111) surface.
b) The two adsorption sites of Cu on
Si(111). c), d) Si(111) surface in c) top-
view and d) sideview. Right-hand part of
the surface with Cu (shaded) in substitu-
tional (Su substitutional in upper part of
bilayer) and H3 sites simplifyingly shown
in commensurate arrangement
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the yield gives a very poor result. In Fig. 12, P 111 and F 111 are plotted for 1.5 ML on
Ge(111) as a function of annealing temperature.

3.5 Ge(111):In

In Fig. 13 STM images of the annealed Ge(111):In surface are shown for increasing In
coverages and different resolutions. At coverages below 0.3 ML, darker stripes of constant
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Fig.10. XSW results for Ge(111) : Cu. a), b) 1 ML annealed at 500 K, a) (111) measurement,
b) �11�1� measurement; c), d) 1.5 ML Cu d) annealed at 700 K, d) annealed at 850 K

3

Fig.9. Empty state STM images of the annealed Ge(111) : Cu surface [38]. a) Overview, 2 ML Cu
annealed at �400 K, showing the domain superlattice introduced by Cu. Image obtained at room
temperature. b) As a) but showing the reconstruction on a small scale. c) High resolution STM
image of the discommensurate phase (right-hand side) in coexistence with the Ge(111)-c(2�8� re-
construction (left-hand side). d) High resolution STM image obtained at 50 K showing the internal
lattice of the domains. e) A closeup of the domains. The line indicates a different stacking sequence
of the Cu with respect to the Ge substrate in adjacent domains. Image obtained at 50 K. f) Images
of Ge(111) : Cu with 4 ML Cu annealed at �500 K. Part of the Cu starts to cluster in epitaxial
islands made of Cu or Cu germanide
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width are separated by brighter stripes of varying width where individual atomic protru-
sions can be distinguished. They correspond to Ge adatoms in T4 sites in a local 2� 2
arrangement [39]. The In is located in the dark stripes. The width of the white adatom
stripes on average decreases with increasing In coverage until for the maximum In cover-
age for the striped phase the white stripes consist only of a zig-zag chain of Ge adatoms.
Higher resolution STM images (cf. Fig. 13b) show also atomic protrusions within the
dark stripes. However, it is not clear whether Ge or In atoms are imaged.

At coverages >0:3 ML new phases appear on the surface [6]. Characteristically,
they all consist of a superlattice of domains, with seemingly hexagonal symmetry [39]
(cf. Fig. 13c). At higher coverage, the striped phase disappears. Within the ªhexagonal
phasesº atomic protrusions can be distinguished within the domains which exhibit lo-
cally also hexagonal symmetry (cf. Fig. 13d). The lattice constant within the domains is
strongly increased �>10%� compared to the Ge(111) constant of 4.0 �A [39].

The results of (111) and �11�1� XSW measurements, obtained with an X-ray energy of
Eg � 6:15 keV, are shown in Fig. 14 and 15. The signature of the In L fluorescence yield
as a function of angle clearly reveals again the substitutional adsorption site for the In
in the striped phase of Ge(111):In. Different from the results of all other systems pre-
sented here so far, the coherent fraction for the ªtiltedº measurement, the �11�1� scan,
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Fig.11. Schematic representation of the
P 111 and P 11�1 values for the measure-
ments on Ge(111) : Cu shown in Fig. 10a,
b. The arrows indicate the lateral posi-
tions for the substitutional (S) and
faulted substitutional (SF) sites

Fig.12. XSW F 111 and P 111 values
for 1.5 ML Cu on Ge(111) plotted as
a function of annealing temperature.
The error bars are typically smaller
than the size of the symbols



which is sensitive to the in-plane In distribution, shows also a comparably high coherent
fraction of F 11�1 � 0:66 (Fig.14b). The results obtained for one of the higher coverage,
hexagonal phases are shown in Fig. 14c and d. For this preparation, LEED revealed a
characteristic 4

���
3
p � 4

���
3
p

R30� diffraction pattern [6, 39], i.e., this reconstruction is per-
iodic (or higher-order commensurate). Again, the (111) results carries the signature of
the substitutional In position; however, note that the coherent position shows a slightly
lower value �P 111 � 0:96� than for the striped phase �P 111 � 0:99�. Also, the coherent
fraction is somewhat reduced from F 111 � 0:90 for the striped phase to F 111 � 0:74:
However, the �11�1� coherent fraction has decreased strongly �F 11�1 � 0:29� and the P 11�1

value also changed significantly by DP 111 � 0:09 which can be distinguished already by
the difference in the shape of the fluorescence yield curves in Figs. 14b and d.
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Fig. 13. STM empty state images [39] of annealed Ge(111) : In. a) The ªstriped phaseº at 0.25 ML
In overage. b) High resolution �40� 125 �A� image of the striped phase. c) 0.3 ML In at the phase
transitions from the striped phase to the hexagonal reconstructions. d) High resolution image of the
hexagonal domain superstructure, qIn � 0:9 ML
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4. Discussion

Before we discuss the individual reconstructions we will point out some general features
of these adsorbate systems. The (111) XSW coherent positions are, with rather small
variations, the same for all these metal atoms in the contemplated reconstructions. All
coherent positions are close to P 111 � 0:0. A substitutional position in the surface layer,
i.e., within the top part of the surface double layer of an ideally terminated (111) sur-
face would correspond to P 111 � 0:125; a position which is located 0.125d111 above the
(111) surface diffraction plane (cf. Fig. 1). This means that all the considered metal
adsorbate atoms have relaxed inward by &0.125d111; i.e., by 0.3 to 0.4 �A. For the triva-
lent atoms, a substitutional position (i.e., P 111 of about 0.125) in the (111) surface seems
natural since all their three valence electrons can saturate the valence orbitals of the
underlying Si or Ge and the surface would be depleted of dangling bonds. However, a
position close to P 111 � 0:125 would only be possible if the metal atoms adopt a sp3

hybridization with the characteristic tetrahedral bonds. This is obviously not the case.
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Fig. 14. Results of XSW measurements on annealed Ge(111) : In. Symbols are experimental data;
lines are fitted curves. a), b) Striped phase, �0:25 ML In, (111) and �11�1� measurements, respec-
tively, c), d) hexagonal phase, �0:9 ML In, (111) and �11�1� measurements, respectively



Total energy calculations for this
kind of substitution for Ge(111):Ga
and Si(111):Ga [14, 26, 30] have
shown that the hybridization of the
surface layer is more like sp2 � pz,
i.e., similar to graphite. The (111)
double layer becomes rather planar
with a correspondingly lowered posi-
tion of the metal atoms. Since the
covalent radii of Ga (2.52 �A), Cu
(2.56 �A), and In (2.88 �A) are all
considerably larger than the cova-
lent radii of Ge (2.45 �A) and Si
(2.35 �A), a tremendous stress must
be generated in the surface layer by
the inward relaxation. We should
mention here that this scenario is
well established for Ga and rather
likely for In, but, while it is clear
from the XSW results that Cu sub-
stitutes in a strongly inwardly re-

laxed substitutional position, the nature of the chemical bond of Cu and its hybridiza-
tion is as yet not clear. We will discuss this in more detail below.

The substitution by metal atoms could basically lead to a chemically passivated 1� 1
surface structure but the consequently produced violent compressive stress prohibits this
for all discussed cases. This is proven by those XSW measurements which are sensitive
to the in-plane structure which are the �11�1� and (202) scans in the present cases.

4.1 Ge(111):Ga

In the g-phase (cf. Figs. 3a, b and 4a) the Ga atoms are substituting for the Ge surface
atoms basically as shown in the right-hand part of Fig. 1. As the experimental value
�P 111 � 0:95� 0:005� shows, the Ga atoms are relaxed inward by DP 111dGe

111 � 0:175
��0:005� dGe

111 � �0:57� 0:02��A with respect to the bulk-like, unrelaxed Ge surface layer.
The high (111) coherent fraction F 111 � 0:95 shows that all Ga atoms are located in a
single layer with an insignificant height distribution normal to the surface. However, the
relatively small value of F 11�1 � 0:48 indicates a significant lateral distribution of Ga
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Fig. 15. a) P 111 and P 11�1 for the striped
phase from Fig. 14a, b in a graphic re-
presentation. b) P 111 and P 11�1 for the
hexagonal phase from Fig. 14c, d in a
graphic representation. The arrows indi-
cate the lateral positions for the substi-
tutional (S) and faulted substitutional
(SF) sites



positions, centered around the mean position which is the relaxated substitutional site
as proven by P 11�1 � 0:83� 0:005. For a value of P 111 � 0:95, the calculated value for
the relaxed substitutional position would be P 11�1

S; calc � 0:82 in good agreement with the
experimentally observed value. The microscopic structure of the Ge(111) : Ga surface
was additionally confirmed by adsorbing Ga on a double layer of Ge on Si(111) [40, 41].
With this trick, XSW measurements confirmed that the surface layer consists of an al-
most flat GeGa bilayer with Ga occupying the upper and Ge the lower half.

STM images with atomic resolution of the interior of the domains of the g-phase [27],
as shown in Fig. 3b, reveal the hexagonal arrangement of the substitutional Ga atoms
but with a lattice constant increased by about 10% compared to the substrate lattice.

The physical picture of the internal structure of the domains of the g-phase is as
follows: within the center of each domain, the surface atoms are laterally practically in
registry with the substrate bulk. With increasing distance from the center of the do-
mains, the Ga surface atoms are progressively more and more out of registry. This is
schematically shown in Fig. 16 for an idealized, hexagonally shaped domain. A represen-
tative �11�1� diffraction plane in the center of the domain is indicated. Relative to the
�11�1� diffraction plane, the individual Ga layers indexed by i change their P 11�1

i values
determined by the mismatch e and their distance from the center plane. The summation
of Eq. (7) can be written down as

G11�1
c; s �

P� 4

i�ÿ 4

ci
sin
cos �2p�P 11�1

S � ie�� �9�
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Fig. 16. Schematic model of the microscopic structure of the g-phase of Ge(111) : Ga. Ga substitutes
for the Ge surface atoms leading to a surface layer with GeGa stoichiometry with a mismatch of
�8%. Only the Ga atoms are shown. The surface strain leads to the appearance of domains. The
marked center of the domains is at a symmetric lattice position with respect to the ideal 1� 1
lattice which is indicated. The domain boundaries are depleted of Ga. The two shown domains
exhibit a size of 8� 8. However, the g-phase displays a nonperiodic superstructure and the size
of the domains is fluctuating between 7� 7 and 8� 8 with an average of 7:4� 7:4 [25]. A �11�1�
diffraction plane passing through the center of the domains is shown representative of the whole
family of parallel diffraction planes indicated by the lines



with the mismatch e, the commensurate substitutional Ga adsorption site P 11�1
S � 0:83

�� site in the center of the domain), and ci � nGa=55 where 55 is the total number of
Ga atoms within one domain and nGa is listed in Fig. 16. With e � 0:08, i.e., a mismatch
of 8% in the interior of the domains we obtain F 11�1 � 0:49. This value is in accordance
with the experimentally observed F 11�1 � 0:48. The resultant coherent position is unaf-
fected by the mismatch in the interior of the domains, i.e. P 11�1 � P 11�1

S � 0:83. From the
results of surface X-ray diffraction measurements [25] a mismatch of 7.5%, i.e, e � 0:075,
was deduced, which is in good agreement with the above determined value.

The b-phase exhibits two different types of domains, A and B (cf. Fig. 3c, d), schema-
tically reproduced in Fig. 17. The superstructure represents a reconstruction of much
larger scale than the lattice of the g-phase. It is also not periodic: the size of the lattice
constant fluctuates roughly between 14 and 16 times aGe

110 with an average of about 60 �A
(� 15aGe

110�: There is a difference in size between domains A and B and the stacking
sequence of the surface (Ga) atoms is different in both domains [27]. I.e., in the larger
domains the Ga atoms are located in a substitutional adsorption site. In the smaller
domains (B) the Ga atoms are located in a substitutional position but with a stacking
fault in the surface layer (cf. Fig. 1). The interior lattice of the domains is strained by
about 7 to 8% as in the g-phase but the stacking fault permits a chemically passivated
bonding situation within the domain walls [27, 28]. I.e., in contrast to the domain walls
of the g-phase, there are practically no dangling bonds present within the domains walls
of the b-phase. The strain pattern within the domains is obviously not isotropic (which
seems to be the case at least approximately within the domains of the g-phase). STM
images show wavy atomic rows within the domains [27].

The larger number of more than 150 Ga atoms contained in the two domains A and B
renders the construction of a realistic, microscopic model from which F 11�1 and P 11�1 val-
ues could be calculated extremely difficult. A calculation similar to the one performed
above for the g-phase, assuming now two mean positions, a domain size as determined
by the STM measurements and an isotropic strain distribution does not give a good
agreement between observed and calculated F 11�1 and P 11�1 values.

If we assume 60% of the Ga atoms in domain type A �P 111
S � 0:83 without stacking

fault) and 40% in domain type B �P 11�1
SF � 0:50, with stacking fault), all of them with

zero mismatch, F 11�1
ZM � 0:54 and P 11�1

ZM � 0:72 is calculated. The 60/40 ratio reflects the
observed ratio of the domain sizes for the type A and B. For a ratio of 65/35 we can
calculate F 11�1 � 0:57 and P 11�1 � 0:74 which would reproduce exactly the experimentally
observed P 11�1 value. The experimentally observed coherent fractions are much smaller
because the mismatch (strain) in the overlayer leads to a distribution of positions
around these two mean values P 11�1

S � 0:83 and P 11�1
SF � 0:50: Because of the large number

of atoms contributing, we will now approximate the distribution of atoms around the
mean positions by a Gaussian profile characterized by a standard deviation dP 11�1. The
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Fig. 17. Schematic model of the do-
main superstructure of the
Ge(111) : Ga b-phase. For the b-
phase, the length of the superlattice
unit cell jaSj varies between 14 and 16
times aGe

110 � 4:0 �A



experimentally observed coherent fraction F 11�1
exp � 0:13 is then determined by two factors

F 11�1
exp � fGF

11�1
ZM �10�

with

fG � expÿ �2p2�dP 11�1�2� �11�
being the �11�1� Fourier coefficient of the Gaussian distribution function which can also
be viewed as static Debye-Waller factor. With F 11�1

exp � 0:13 and F 11�1
ZM � 0:54 we obtain

f11�1
G � 0:24 and thus dP 11�1 � 0:27, i.e., a standard deviation of 0.83 �A for the distribu-

tion of positions around the mean position in the h11�1i direction surface plane which
corresponds to a 0.88 �A standard deviation laterally. If we perform a similar calculation
for the g-phase, assuming a Gaussian distribution profile around the mean position, we
obtain dP 11�1 � 0:19. This means that the strain is similar in the g- and b-phases. The
larger width of the position distribution profile in the b-phase is mostly determined by
the larger domain size.

4.2 Si(111) : Ga

As we stressed earlier [30] the system Si(111) : Ga behaves similarly to Ge(111) : Ga.
However, the STM and XSW data available for Si(111) : Ga are much less comprehen-
sive. Reported STM measurements [13] as well as XSW measurements (cf. Fig. 5 and
[30]) were most likely performed on not very well ordered surfaces covered with a mix-
ture of the Si(111) : Ga g- and b-phases. In particular for XSW measurements, the pre-
paration of a single, well defined surface phase is very important for the evaluation of
the observed F - and P -values since we record the X-ray fluorescence from the whole
entity of a particular kind of atom in whatever phase they cover the surface and whether
they are ordered or not (i.e, we are measuring the absolute value of the H Fourier com-
ponent). Nevertheless, the determined P 111 value for Si(111) : Ga shows clearly that Ga
is substituting for Si in the top surface layer [12]. The P 11�1 value demonstrates that this
is not only happening in the regular stacking sequence but also with a stacking fault at
the surface. For regular stacking exclusively (pure g-phase), P 202 � 0:82 is expected from
P 111 � 0:99. The experimental value of P 202 � 0:76 indicates that about 10 to 20% of
the surface may be covered with the b-phase. The low value F 202 � 0:27 documents a
fairly wide lateral distribution around the mean adsorption sites.

Otsuka and Ichikawa [4] had reported RHEED observations of a 6:3� 6:3 and a 11� 11
reconstruction on annealed Si(111) surfaces for Ga coverages in the ML range. Later STM
observations confirmed the 6:3� 6:3 structure and showed that 6:3� 6:3 reflects the sym-
metry and average periodicity of the discommensurate domain superlattice [12]. Recently
it became clear that the 6:3� 6:3 and the 11� 11 phases are the equivalent of the g- and
b-phase, respectively, of Ge(111) : Ga [30]. Since the Si lattice is 4% smaller than the Ge
lattice, the substitutional Ga produces a higher stress in the Si(111) surface and conse-
quently the surface layer exhibits a larger mismatch compared to Ge(111) which results in
smaller domain sizes. With 7% the early STM study has underestimated the mismatch [13].

4.3 Si(111) : Cu-`5�5'

Since the Cu saturation coverage of the Si(111) : Cu-`5� 5' reconstruction is clearly lar-
ger than 1 ML, the surface structure cannot be explained by Cu substitution in the sur-
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face layer alone. For a commensurate Ge(111) : Cu structure this would give a coverage
of 1 ML. For a discommensurate structure as a result of a SiCu layer with an increased
surface lattice constant, the saturation coverage would be expected to be less than
1 ML. The model for the microscopic structure is shown in Fig. 8b and exhibits two Cu
atoms per 1� 1 unit cell in the commensurate limit. Cu is in the substitutional position
(Su) at P 111

S � 0:89 and in the hollow, threefold coordinated H3 site at P 111
H3
� 0:06, i.e.

0.34 �A below and 0.19 �A above the surface diffraction plane (cf. Fig. 1), respectively.
Thus, because there are two Cu atoms per 1� 1 surface unit cell, the stoichiometry is
basically Cu2Si. However, just as the Ga in the previously discussed cases, the Cu in the
surface layer generates tremendous stress and the surface lattice constant expands by
10%, generating a network of discommensurations and a non-commensurate superstruc-
ture of domains with an average periodicity of 5:6� 5:6. Because of the compressive
(positive) strain (e � 0:1) within the domains, the discommensurations represent light
walls, i.e., they are depleted of Cu. Electron diffraction [18] and X-ray diffraction mea-
surements showed that the interior lattice of the domains is rotated by 3� with respect
to the substrate crystallographic directions.2) With the above given two positions of the
Cu, the 10% mismatch, the 3� rotation, light walls and the observed domain size, PH

and FH values which are calculated using Eqs. (5) to (7) are in good agreement with
the experimental observed values. The Si(111) : Cu-`5� 5' structure and its XSW analy-
sis are described in more detail in [22] and [35].

4.4 Ge(111) : Cu

Judging from the overall appearance of the domain superlattice in the STM images (cf.
Fig. 9a, b and [21]) and the mean adsorption position as determined by XSW (cf.
Fig. 8a and Fig. 11) the Si(111) : Cu-`5� 5' and the Ge(111) : Cu superstructure seem,
except for the domain sizes, at first glance very similar. However, closer inspection re-
veals that this first impression is misleading; there are rather pronounced differences:

a) The saturation coverage for the discommensurate Ge(111) : Cu phase is less than
1 ML in contrast to 1.3 ML for Si(111) : Cu-`5� 5'.

b) The discommensurate Ge(111) : Cu phase exhibits a rather low formation tempera-
ture of about 400 K in contrast to a formation temperature of about 900 K for
Si(111) : Cu-`5� 5' and about 800 K for the discommensurate phases introcuded by Ga
on Si(111) and Ge(111).

c) The discommensurate Ge(111) : Cu phase is, in contrast to Si(111) :Cu-`5� 5', only
metastable. Upon heating to higher temperatures, it decomposes, the Cu clusters in 3D
islands, and the majority of the Ge(111) surface is depleted of Cu and adopts the
c(2� 8� reconstruction.

d) For the Ge(111) : Cu phase the domain superlattice is aligned along the h11�2i direc-
tions, i.e., rotated 30� with respect to Si(111) : Cu-`5� 5' which is aligned along the
h01�1i directions [22, 43]. This rotation is also reflected in the corresponding LEED pat-
terns [16, 38].

e) There is a small though significant difference in the mean Cu adsorption site for
Si(111) : Cu-`5� 5' and the Ge(111) : Cu phase as determined by XSW.
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2) Surface X-ray diffraction confirmed the 10% mismatch and 3� rotation but showed that the
latter is slightly spirally [42].



With respect to a): For the case of Si(111) : Cu-`5� 5', the saturation coverage of
1.3 ML means that the internal structure of the domains consists of two Cu atoms per
unit cell (substitutional and H3 adsorption sites). In the commensurate limit this would
correspond to a saturation coverage of 2 ML. However, the 10% expanded overlayer
decreases the saturation coverage to 1.6 ML and the light (i.e., depleted of Cu) domain
walls reduce the saturation coverage further to 1.3 ML. For Ge(111) : Cu the saturation
coverage is not exactly determined up to now but it is about 0.7 to 0.8 ML and thus
certainly less than 1 ML. Consequently, there is basically one Cu atom per 1� 1 unit
cell which would lead in the commensurate limit to 1 ML saturation coverage. However,
from atomically resolved STM images a mismatch of the overlayer (within the domain)
of about 5% is deduced which would lead to a saturation coverage of 0.9 ML. Since the
overlayer exhibits a positive mismatch (larger lattice constant), the domain walls are
expected to be light, decreasing the Cu saturation coverage further.

With respect to b): For the Si(111) : Cu-`5� 5' structure to form, the Si atoms of the
(111) surface layer are replaced by Cu and the surplus Si atoms, which are the surface
atoms and the adatoms of the 7� 7 structure on which the Cu is deposited, have to
diffuse e.g. to step edges. Thus, many bonds have to be broken and quite massive mate-
rial transport is needed which explains the quite high formation temperature of about
900 K. For the discommensurate Ge(111) : Cu phase it is much lower. From Fig. 12 we
can learn that the Ge(111) : Cu structure is formed at around 400 K since P 111 of Cu
exhibits already the value characteristic of this structure. Optimal order is achieved at
around 600 K as indicated by the maximum in F 111. This low formation temperature is
not in agreement with the massive material transport needed for the formation of the
`5� 5' structure (the whole (111) top layer is removed). This suggests that the micro-
scopic structure of the Ge(111) : Cu reconstruction is different.

With respect to c): Already at 600 K, the Ge(111) : Cu structure starts to decom-
pose as shown by the change in P 111 and the decrease in F 111. The decomposition of
the Ge(111) : Cu structure happens along two routes: (i) Cu forms thicker epitaxial
layers and 3D islands, most likely consisting of a Cu germanide (cf. Fig. 9e, f and
[27]). (ii) Cu diffuses into the Ge bulk. This becomes obvious from Fig. 10c, d. With
increasing annealing temperature, it is not possible to achieve a good fit to the Cu
fluorescence data using Eq. (2) (cf. Fig. 10c, d). We already stressed that this function
will describe the fluorescence yield of any foreign atom (Cu in this case) on the sur-
face whether a single layer or 3D islands. However, for atoms within the bulk of the
crystal this functional form is not appropriate. The extinction effect has to be taken
into account; i.e., the effect that the X-ray wave propagates within the range of Bragg
reflection less deeply into the crystal and thus fewer Cu atoms are excited by the
wavefield. Thus, the fluorescence yield of atoms deep �> 100 nm) in the bulk of the
substrate will exhibit a minimum within the range of total reflection. The yield curve
in Fig. 10c and in particular Fig. 10d exhibits this signature and proves that a signifi-
cant amount of Cu is diffusing deep into the Ge at temperatures &600 K. In view of
the diffusion coefficient this is basically no surprise since it is known to be high for Cu
in Ge. However, the solubility is only about 1:7� 1014 cmÿ3 at 850 K [44, 45]. This
means that for an extinction depth of roughly 10 mm, i.e., the depth from which we
observe the Cu fluorescence within the range of total reflectivity, less than 2� 1011

solved Cu atoms cmÿ2 (<0:1% of 1 ML) could contribute to the signal, a contribution
hard to notify. Why the influence of diffused Cu atoms is obviously much stronger
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(i.e., there seems to be a much higher concentration of Cu in a depth up to �10 mm)
is not clear.

With respect to d): The 30� rotation of the Ge(111) : Cu domain superlattice relative
to the orientation of the Si(111) : Cu phase is an obvious proof that the structures are
quite different. It is the expression of a fundamental difference in the microscopic struc-
ture within the interior of the domains.

With respect to e): If the microscopic structure of the Ge(111) : Cu phase would be
equivalent to the `5� 5' one, a value P 11�1 � 0:66 would be expected. However, deter-
mined by the measurement was P 11�1 � 0:63, a significantly smaller value and thus an-
other indication that the microscopic structures of the discommensurate phases of
Ge(111) : Cu and Si(111) : Cu are different.

A microscopic structure of the discommensurate Ge(111) : Cu phase which is in agree-
ment with all known facts is shown in Fig. 18. The Cu atoms are integrated into the
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Fig. 18. a), b) The microscopic structure of
the discommensurate phase of Ge(111) : Cu.
For simplicity, the GeCu surface layer is
shown commensurate. a) Topview, b) side-
view. c) Tiling of the surface with domains
with regularly stacked Ge atoms and Cu in
H3 sites (R) and domains with Ge surface
layer atoms in a faulted stacking sequence
and Cu in substitutional sites (S)



Ge(111) surface layer. In one type of domains this happens with the Ge surface atoms
basically staying in place and the Cu atoms occupying the open, hollow (H3) site,
strongly downward relaxed. In the other type of domains the Cu atoms are in a substi-
tutional position (Su) and Ge is in the open, hollow site. Ge surface atoms are now
about 0.4 �A below the surface diffraction plane. All Cu atoms are within the surface
diffraction plane (i.e., P 111 � 0:0�; although a small vertical height difference between
the Cu H3 and Su positions is consistent with the XSW results. Bond lengths calculated
from this model are 2.42 �A for Ge±Ge in the surface layer (bulk Ge: 2.45 �A) and 2.45 �A
for Ge±Cu which is 2% smaller than the sum of the metallic Cu radius (1.28 �A) and the
covalent Ge radius.

With this model, the measured coherent position P 11�1 � 0:63 is reproduced exactly if
57% of the Cu atoms are in a stacking fault position (H3 site) and 43% are in a substitu-
tional position (Su site). This would lead to F 11�1

S;H3
� 0:51. The XSW measurement shown

in Fig. 10a, b was performed for a Cu coverage higher than the saturation coverage. The
excess Cu is most likely contained in 3D Cu clusters and thus will be distributed ran-
domly (incoherently) with respect to the X-ray standing wavefield. Thus, we express the
experimentally observed (11�1� coherent fraction as

F 11�1
exp � F 11�1

S;H3
fG�1ÿ U� : �12�

We can estimate the ªuncoherent fractionº U with F 111
exp � �1ÿ U� since from our model

follows that F 111 � 1:0 for a Cu coverage below the saturation coverage because we
assume all Cu atoms at the same position normal to the surface; an assumption which is
certainly oversimplified. From Eq. (12) we calculate fG � 0:67 and thus obtain
dP 11�1

Cu � 0:14 for the standard deviation of the distribution of the Cu around the two
mean positions.

The proposed model for the discommensurate phase of Ge(111) : Cu can explain the
experimental observations, yet, some questions remain open. The STM images show a
4.2 �A hexagonal lattice within the domains, and the protrusions correspond to Cu atoms
in regular stacking in one domain and with a stacking fault in the other, in agreement
with the XSW results. There is no direct evidence for the Ge layer. There is only in-
direct evidence: The Cu surface atoms do not from a densely packed layer, thus they
must be bound to Ge. If they would be simply adsorbed on top of Ge atoms, the 5%
mismatch in plane and the XSW (111) coherent position P 111 � 0:0 could not be ex-
plained (with a Ge±Cu bond length of 2.5 �A, P 111 � 0:89 for the top position).

Unclear is the situation at the boundaries between the domains. The reason for the
occurrence of the stacking fault is supposedly the same as for the Ge(111) : Ga b-phase:
it permits a chemically satisfied bonding situation within the domain walls which thus
join in the b-phase always a domain with and without stacking fault (B and A in
Fig. 17). For a hexagonal superlattice of domains of two types where one type (R) exhi-
bits regular stacking and the other type (S) a stacking fault it is not possible to have
exclusively R/S boundaries, rather there must be boundaries of type R/S, S/S, and R/R
(cf. Fig. 18c). Indeed, closer inspection of Fig. 9d, e reveals that the domains are not
truly hexagonal. In two directions of the 120� rotated axes of the hexagonal coordinate
system the domains are touching. In the third direction, a gap is visible between the
domains (cf. e.g. Fig. 9b). Fig. 9e shows that the supercells resemble distorted hexagons
with four long and two short sides. Fig. 18c shows the tiling of the surface with two

610 J. Zegenhagen, P. F. Lyman, M. B�ohringer, and M. J. Bedzyk



different domains schematically. In the directions 1 and 2 domains with regular stacking
(R) are attached to domains with Ge in a faulty stacking sequence (S). In the third
direction 3, there are exclusively S/S and R/R boundaries. This overall appearance is
indeed in agreement with the STM images.

4.5 Adsorption of noble metals on (111) Si and Ge surfaces

Silver and gold in the ML range induce commensurate
���
3
p � ���

3
p

R30� reconstructions on
Si(111) and Ge(111). Thus, copper on Si(111) and Ge(111) appears to behave comple-
tely different. However, a closer look reveals strong similarities of the surface structures
formed by these noble metals. In all these cases, the metal atoms are imbedded in the
(111) surface layer. For Ge(111) : Au-

���
3
p � ���

3
p

R30�, the top layer of the (111) surface
double layer is removed and Au is basically adsorbed in substitutional positions at
P 111 � 0:07 [46] but slightly distorted, laterally forming Au trimers [47, 48]. The same
structure is meanwhile accepted for Si(111) : Au-

���
3
p � ���

3
p

R30� [49, 50]. The
Si(111) : Ag-

���
3
p � ���

3
p

R30� reconstruction is similar except that the Si atoms in the AgSi
layer form trimers [51] which is also the accepted model for Ge(111) : Ag-

���
3
p � ���

3
p

R30�

[50]. The saturation coverage of all these reconstructions is 1 ML.
All of the three noble d-metals can adopt the valence state 1�. However, whereas Ag

exhibits this state exclusively, Cu and Au can adopt the valence states 2� and 3�,
respectively, as well. Simple electron counting suggests that Cu is on Ge(111) in the
valence state 1� (at least within the domains) if our model is correct. However, we do
not know the structure of the domain boundaries for Ge(111) : Cu and Cu may exhibit
there a different valence state �2��. It is not uncommon for Cu to appear in valence
state 1� and 2� in a single compound. This might be the case for Si(111) : Cu-`5� 5'
since a) Cu appears in two different adsorption sites (Su and H3 at different heights)
and b) two Cu atoms will share three Si valence electrons per 1� 1 surface unit cell.
Different valence states of the metals are certainly one explanation for the different ob-
served structures on (111) and Ge. To what extent a different electronic structure of the
Si and Ge surface atoms is responsible for the different Cu induced structures or
whether differences are mostly strain related because of the 4% difference in Si and Ge
lattice constants still needs to be explored.

4.6 Ge(111) : In

The ªstripedº phase of Ge(111) : In is unique among the discussed systems. The recon-
struction is commensurate along the stripes but not in the orthogonal direction and
breaks the threefold symmetry of the (111) surface. The In atoms are located in the
dark stripes and adsorbed in Su substitutional sites exclusively, as the XSW results
clearly show (cf. Fig. 14a, b and Fig. 15a). Since the In is relaxed significantly down-
ward (0.4 �A) compared to an ideal substitutional position there must be severe stress in
the surface layer and the In laterally relaxed and moved away from the high symmetry
site. The in-plane coherent fraction F 11�1 � 0:66 suggests a standard deviation of the
(Gaussian) distribution of dP 11�1 � 0:13 (i.e. s � 0:45 �A in the h11�1i direction, corre-
sponding to s � 0:48 �A in-plane), assuming F 111

exp � 0:9 � �1ÿ U�. In other words, the In
atoms in the substitutional sites must have caused locally a significant expansion of the
surface lattice. At present there is not enough experimental evidence to determine the In
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induced structure in the dark stripes with confidence. A possible model is suggested by
Gai et al. [52]. However, since the authors assume In to be present in regular substitu-
tional sites it is not in agreement with the XSW results.

There are several ªhexagonalº phases reported for Ge(111) : In [6, 52]. Shown in
Fig. 13d is the 4

���
3
p � 4

���
3
p

reconstruction for which the XSW measurements (Fig. 14c, d)
were carried out. Other reported phases are 4.3

���
3
p

and 4.2
���
3
p

, which are most likely
very similar to the 4

���
3
p

structure, except that the domain superlattice is not periodic,
and the

�����
31
p � �����

31
p

structure. For all these phase the In coverage is almost the same.
The XSW results (cf. Fig. 14c, d and Fig. 15b) prove that In is adsorbed in the sub-

stitutional site in both the regular and the faulted geometry. The P 111 and P 111 values
suggest that 65% of the In atoms are in regular substitutional sites and 35% of the In
atoms are in substitutional sites in a faulted stacking sequence. This reproduces the
experimentally observed P 11�1 value and yields F 111

S; SF � 0:57 in the commensurate limit.
Setting F 111

exp � fG�1ÿ U� F 11�1
S; SF, where we obtain fG � 0:69 and thus dP 11�1 � 0:14 (i.e.,

s � 0:48 �A normal to the �11�1� plane, i.e., s � 0:51 �A in-plane) for the standard devia-
tion of the (assumed) Gaussian distribution around the two mean adsorption sites. The
individual (small) domains of the 4

���
3
p

phase seem to contain only six to eight In atoms.
Assuming that the internal lattice constant of the domains is determined by the sum of
the covalent radii of In (1.44 �A) and Ge (1.22 �A) with a practically unbuckled surface
layer leads to aInGe � 4:6 �A, i.e. a 15% increase compared to aGe � 4:0 �A. With this lat-
tice constant and an average domain size with seven In atoms, where the central In
atom is at the high symmetry substitutional site, the experimentally observed coherent
fraction can be reproduced. Since the domains are very small, the internal lattice con-
stant is difficult to determine with sufficient accuracy with the STM. The value of 5 �A,
suggesting a 25% increase, given in [39] is certainly overestimated. The 15% increase
given in [52] appears to be more realistic and agrees with our present findings.

Gai et al. [52] also suggest a model for the 4
���
3
p

reconstruction. However, since they
assume In in regular subtitutional sites exclusively it is not correct. The XSW results
show that 1/3 of the In is in the faulted substitutional sites which suggests that 1/3 of
the domains contain In in faulted substitutional sites. This in turn suggests that the
domain superlattice consists of three different types of domains as shown in Fig. 19; one
type contains In in faulted positions (S) the other two (R and R0) in regular substitu-
tional positions. The distance between the individual domains is � 4aGe as determined
with STM. However, as shown in Fig. 19, because the superlattice consists of three dif-
ferent types of domains (with different structure) the repeat distance of the domain
superlattice is 4

���
3
p

aGe in agreement with the diffraction pattern. On the long range, the
4

���
3
p

structure resembles an almost ideal, hexagonal superlattice (cf. Fig. 13c) whereas
the closeup look in Fig. 13d shows that the individual domains are not really hexagonal.

4.7 Comparison with Frenkel-Kontorova, Frank-van der Merwe
discommensuration

The system Si(111) : Cu-`5� 5' can be turned ªupside downº. A hexagonal Cu2Si layer
also forms if Si is deposited on the Cu(001) surface [53]. The structure is slightly dis-
torted but the hexagonal 2D Cu2Si layer exhibits long-range structural integrity. The
surface layer is basically incommensurate with the Cu substrate but mildly modulated
with the substrate (001) surface potential, resulting in a high-order commensurability as
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concluded from diffraction results. The overlayer exhibits a structure which is basically
expected from the FK/FvdM model.

The systems discussed throughout this paper display new, unique features which are
mostly due to the strong and directional covalent bonding on semiconductor surfaces in
which case the assumption in the FK/FvdM theory of a sinusoidally modulated sub-
strate potential is a poor approximation. As a consequence, the adsorbate will no longer
resemble a homogeneous, incommensurate overlayer slightly modulated by the substrate.
Instead, completely different bond characters and topologies may appear locally. This
will predominantly show up in the domain boundaries. In fact, the energetic situation
within the domain boundaries can even dictate the appearance of new phases; the sys-
tem Ge(111) : Ga is here an illustrative example.

Total energy calculations proved that of all adsorbate positions the substitutional site
was the energetically most favorable for Ga on Ge(111) and Si(111) for ML coverage
whereas the substitutional site in a faulted stacking sequence was higher in energy by
� 0:1 eV. This situation does not change if the ovelayer is strained, although a reduction
of the surface energy be more than 0.4 eV per 1� 1 unit cell was calculated for
Ge(111) : Ga with an expansive strain of � 10% [28].

With these basic facts the Ge(111) g-phase can be understood in terms of the
FK/FvdM scheme. Ga is basically in the substitutional position. However, the GeGa
layer has an increased equilibrium lattice constant, but the overlayer does not become
simply incommensurate since the bonds to the substrate are too strong. Instead, the
overlayer becomes discommensurate: In the center of the domains the overlayer is al-
most in registry with the substrate. Toward the periphery of the domains, registry with
the substrate decays and is lost completely at the domain boundaries. The mismatch of
the GeGa overlayer with the substrate is positive and consequently the discommensura-
tions are depleted of Ga.

While this general appearance of the g-phase can be qualitatively understood within
the FK/FvdM theory the appearance of the b-phase cannot. Here, about 40% of the Ga
is adsorbed in faulted substitutional sites, a position which is � 0:1 eV less favorable in
energy compared to the regular stacking. However, STM revealed a large number of
dangling bonds (DB) at the domain boundary of the g-phase [27] ±± about 1 DB at the
boundary per five atoms in the interior of the domains. One DB ªcostsº roughly 1 eV in
energy [54]. With the help of the stacking fault, DBs at the boundaries of domains with
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Fig. 19. Schematic model of the
Ge(111) : In-4

���
3
p � 4

���
3
p

R30� su-
perlattice with the surface tiled by
three different domains with In in
regular stacking sequence (R, R0)
and faulted stacking sequence (S).
The exact hexagonal shape of the
domains is an idealization (cf.
Fig. 13d)



regular and faulted stacking can be avoided [27]. Just using these approximations for the
energies and neglecting other energetic contributions (such as strain) it can be under-
stood in a crude estimate that the generation of the stacking fault can be energetically
favorable since five atoms in the stacking fault position cost together � 0:5 eV, but by
eliminating one DB the surface can gain � 1 eV. In other words, a changed, more
favorable bonding topology within the discommensurations determines the stability of
a new structure ±± a mechanism which cannot be understood within the framework of
the FK/FvdM theory. The surface energy and stability of the Ga induced phases on
Si(111) and Ge(111) are discussed in detail in [28].

5. Conclusions

The discussed surface phases are characterized by superlattices of domains. Except for
the 4

���
3
p � 4

���
3
p

R30� phase of Ge(111) : In they are nonperiodic. Despite the lack of
translational symmetry, the superlattices basically reflect the threefold rotational sym-
metry of the (111) surface (except for the Ge(111) : In striped phase). The large scale
and the lack of long-range order of these reconstructions renders a structural analysis
with traditional surface probes difficult, in particular with diffraction techniques.

Using STM we have learned about the topography and electronic properties of these
systems on the nm scale. It is a characteristic and unique feature of these reconstruc-
tions, that they are electronically strongly inhomogeneous. The electronic structure of
the domain walls can differ strikingly from the electronic structure of the interior of the
domains. E.g. for the Ge(111) : Ga g-phase, the discommensurations exhibit a higher
density of DBs and will thus most likely be metallic whereas all DBs are saturated in
the interior of the domains and they thus are expected to exhibit little density of states
within the bulk bandgap.

For all these reconstructions the XSW technique provides information about the prin-
cipal adsorption site of the metal atoms: substitutional or/and faulted substitutional
(relaxed H3). The XSW technique furthermore provides a very stringent test whether an
adsorbate exhibits a commensurate, incommensurate or strongly modulated incommen-
surate reconstruction [55] because the XSW technique probes sensitively the correlation
of the adsorbate with the substrate lattice. For all the analyzed systems it turns out
that, while the basic adsorption sites are rather simple, strain leads to a complex struc-
ture with a rather wide distribution around the mean adsorption site.

Many questions regarding these reconstructions have been answered but many others
remain open. A particularly challenging question is the microscopic structure of the do-
main walls of all the phases presented here. Also the superstructure of In in the striped
phase of Ge(111) : In remains to be determined. Furthermore, the question arises
whether all these reconstructions are in the ground state at room temperature since
most of them are nonperiodic or whether they are ªfrozen inº at some higher tempera-
ture because of the lack of surface diffusion. Here the Ge(111) : Cu discommensurate
phase is unique since it is a) metastable and b) may even exhibit a phase transition
below room temperature. Unfortunately, theory cannot be of much help at present to
answer these questions because the scale of these reconstructions is too large and the
nonperiodicity is a big stumbling block.

Future research on these fascinating systems may address challenging problems such
as temperature and coverage driven phase transitions as well as the possible influence of
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entropy at elevated temperature e.g. in view of domain wall fluctuation. These problems
have been extensively discussed for classical discommensurate systems such as rare gases
on graphite [56] and it is task for the future to sort our similarities and dissimilarities
with discommensurate systems on semiconductors surfaces.
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