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Abstract. Structural results of complex surface structures
determined by employing the method of low-energy elec-
tron diffraction (LEED) are reviewed. LEED is the prime
crystallographic technique in surface science, and its rank-
ing among the surface crystallographic methods is compar-
able to x-ray diffraction for determining the structure of
bulk materials. Various kinds of complexity are consid-
ered, starting with the atomic geometries of semiconductor
surfaces which are heavily reconstructed exhibiting far-
reaching relaxations down to deeper layers. A next class
of systems are coadsorbate phases on metal surfaces
whose complexity comes from the presence of various
species. In this section also the structure of larger mole-
cules on metal surfaces is discussed. In the last two chap-
ters we concentrate on surfaces violating the two-dimen-
sional translational symmetry. The simplest systems are

incommensurate overlayers on metal surfaces. Each layer
possesses translational symmetry, but the compound sys-
tem breaks it. In a next step we also disregard the transla-
tional symmetry of each layer and focus on the structure

of quasicrystal surfaces.
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I. Introduction

The low-energy electron diffraction (LEED) method was

developed by a concerted endeavor of theoreticians and
experimentalists in the late 1960s. This is nicely reflected
in the author list of LEED publications at those days con-

taining names frequently encountered. Examples are (Je-
spen, Marcus, Jona), (Pendry, Anderson), (Tong, Rhodin),
(Forstmann, Berndt) and others. The names of Paul Mar-
cus & Franco Jona are still frequently found in the current
literature. Franco Jona took the first reliable LEED IV
data of the Al(100), Al(llO) and Al(lll) surfaces [1]
which were the best data at that time, and many theoreti-
cal groups used these data as a test-bench for their theore-
tical approaches of the multiple scattering problem in
LEED. Franco Jona wanted to give a talk on this subject
at the Physical Electronics Conference of 1969 in order to

generate discussion on the then unknown procedure for
collecting IV data. It is remarkable and also characteristic
for the acceptance of LEED within the surface science
community in those days that this paper was turned down
as not interesting and not appropriate for a surface science
conference [21. A brief account of the history of LEED
can be found in Refs. [3-7]. The present review article
will be dedicated to Franco Jona's 75th birthday and the
impact he had on LEED and on our own research work.

Nowadays, the LEED method has reached a maturity
which renders this method a standard technique in surface
crystallography. This is demonstrated by the fact that
about 50% of the newly determined surface structures are

solved by LEED. Therefore, LEED has to be considered
as the prime crystallographic technique in surface science,
and its ranking among the surface crystallographic meth-
ods is comparable to that of x-ray diffraction for the struc-
ture determination of bulk materials. Yet, to put LEED on

the same level with bulk-x-ray diffraction is probably ex-

aggerated since in x-ray diffraction a number of methods
are available allowing to arrive at an approximate guess of
the structure more or less directly from the experimental
data, such as Patterson function and Fourier synthesis. In
bulk-x-ray diffraction, there are also direct methods which
allow a structure determination directly from the intensi-
ties as long as the structures are of limited complexity. So
far, no equivalent method has been developed in the case
of LEED, where a good initial guess of the structure is
equally required.

In this article we report on the atomic geometry of
complex surface structures which were determined by
using low-energy electron diffraction (LEED) and whose
particular selection is closely related to our own research
activities. The complexity of surface structures enters the
structure determination in various ways. If the two-dimen-
sional unit cells are large, many plane waves are required
in the multiple scattering calculations in order to properly
expand the outgoing LEED field. Large unit cells can also
accommodate many atoms making a structure determina-
tion quite elaborate. This kind of complexity is encoun-

tered, e.g., in the adsorption of big molecules on metal
surfaces (section 3.8). Another facet of complexity
emerges when the substrate is heavily reconstructed, mak-
ing the overlayer periodicity run over several layers. In

this case, many atomic coordinates have to be considered
simultaneously in the structure refinement. Prominent ex-

amples of this kind of complex surface structures are semi-
conductor surfaces which are frequently strongly recon-

structed, exhibiting far-reaching relaxations down to

deeper layers (chapter 2). Another example of complex
surface structures are surfaces with unit cells accommodat-
ing several different species, such as coadsorbate phases
on metal surfaces (chapter 3). The loss of symmetry ac-

cording to the 17 possible two-dimensional space groups is
always a problem in that the computing time for LEED
intensity calculations depends critically on the actual sym-
metry. But an even more dramatic reduction of symmetry
is encountered when the two-dimensional periodicity is
violated. The simplest examples are incommensurate over-

layers on metal surfaces. Each layer still possesses transla-
tional symmetry, but the compound system breaks the
translational symmetry (chapter 4). The situation becomes
more involved when we also throw overboard the transla-
tional symmetry of each layer and focus on the surface
structure of quasi-crystals (chapter 5). We will end this
article with a conclusion and an outlook (chapter 6).

II. Semiconductor surfaces

2.1 Introduction

Many elemental and III-V compound semiconductors crys-
tallize into diamond and zinc blende structure, respec-
tively, which emphasizes the importance of sp" hybridiza-
tion for the bond formation. Hence, bulk-terminated
semiconductor surfaces are inevitably unstable because of
the large number of unpaired sp -type dangling bonds on
them which raises the surface energy prohibitively high.
The dangling bonds are formed with a bulk-truncated sur-

face due to missing binding partners (cf. Fig. la). On the
clean semiconductor surfaces, surface atoms rearrange in
position and form new bonds in order to reduce the num-

ber of unpaired bonds. The most prominent reconstruction
is certainly the (7 x 7) structure of Si(lll) (cf. Fig. lb).
The new bonds often introduce elastic stress into the sur-
face region. The balance between electronic and stress en-

ergies gives rise to an array of superlattices found on re-

constructed semiconductor surfaces of different materials,
e.g., (2 x 1), (2 x 2), (%/3 x \/3) R30°, (7 x 7), c(2 x 8),
etc. Irrespective of the manifold superlattices, there are

only a few distinct structural motifs (building blocks),
such as dimers, trimers, and adatoms, setting up the super-
structure. The reader can find a detailed discussion of a

number of reconstructed structures and the reasons why
they are formed on clean Si(lll), Ge(lll), GaAs(llO)
and GaAs(l 11) surfaces in [8-10]. It is interesting to note
that these dangling bonds dictate the surface activity of
semiconductor surfaces, such as of silicon surfaces [11].
When foreign atoms and molecules are present at the sur-

face, they are simply used to pair up the dangling bonds.
For instance, if all dangling bonds are capped by atomic
hydrogen chemisorption, the semiconductor surface is pas-
sivated, i.e., its ability to react with other molecules be-
comes negligible.
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(111)

Fig. 1. a) The formation of dangling bonds on the unreconstructed
surfaces of the three low index planes of Si and Ge. Si (Ge) atoms in
the bulk are tetrahedrally coordinated, b) The DAS model for the
Si(lll)—7x7 structure, indicating the various structural elements
which stabilizes this reconstruction, i.e. Dimer. Adatoms, and Stack-
ing fault.

2.2 The (2 x 1) reconstruction of the (001) surfaces
of Si and Ge

Each surface atom of the bulk-terminated (001) surface of
Si (and also Ge) carries two dangling bonds, resulting in
an unacceptably high surface energy. The surface energy
is lowered by reducing the number of dangling bonds via
rebonding. From the observation of a (2 x 1) LEED pat-
tern Schlier and Farnsworth (40 years ago!) [12] con-

cluded that the main structural element of the
Si(001)—(2 x 1) surface is formed by Si dimerization
along the [110] direction which reduces the density of

dangling bonds by 50%. Later this structural feature has
been identified by theory and experiment [13].

Complete crystallographic data of the clean Si(001)-
(2x1) surface were provided by a recent LEED analysis
[14] and summarized in Fig. 2. The main structural fea-
tures are the following: The topmost Si atoms are asym-
metrically displaced along the [110] direction by 1.0 Ä
and 0.7 Â, respectively, so as to form the Si dimers. The
dimer bond length is 2.25 ± 0.08 Ä which is slightly
smaller than the bond length found in Si bulk (2.35 A).
The Si dimer bond length found with LEED agrees well
with values derived by ab-initio calculations such as

Si(001) - (2x1)
1.03(0.97) 0.74 (0.72)

Fig. 2. Structure model and the main structural characteristics of the
Si(OOl)—2 x 1 surface derived from a LEED analysis. All parameters
are given in A [14].

2.23 Ä [15] and 2.25 Ä [16]. The dimerization of the top-
most Si layer induces strong local strain fields in the sur-

face region, resulting in displacements of Si atoms in even

deeper layers. In particular, Si atoms in the second layer
are shifted laterally by about 0.2 Ä, while vertical displa-
cements of these Si atoms were not found. As a result of
the pairing in the second Si layer, a pronounced buckling
is observed with third layer Si atoms which amounts to
0.34 ± 0.05 A. This buckling in turn leads to a rumpling
of the fourth layer by 0.25 ± 0.07 Â. On symmetry
grounds, a substantial buckling in the fifth Si layer is ex-

cluded, and due to the limited elastic mean free path of
the electrons, the LEED analysis was not sensitive to dis-
tortions in even deeper Si layers. Another important detail
of the Si(001)—(2 x 1) surface structure represents the tilt-
ing of the Si dimers. The vertical separation between the
up and down atoms in the dimers is 0.73 ± 0.05 A
which, together with its lateral asymmetry, provides bond
lengths between the dimer atoms and the second layer Si
atoms directly underneath, comparable with the bulk va-

lues.
It is instructive to correlate this geometric structure

with the electronic structure of the Si(001)—(2 x 1) sur-

face. The unreconstructed (001) surface of Si has two dan-
gling orbitals per surface atoms, each of them being filled
with one electron. It is well established that the energy of
this surface is lowered by about 1 eV when adjacent sur-

face atoms form a new surface bond from dangling bonds,
the so-called dimers, so that only one bond per surface
atom remains unsaturated ]17]. This would explain the

appearance of symmetric Si dimers. The clean
Si(OOl)—(2 x 1) surface, however, exhibits buckled dimers
because the half filled bands of dangling bonds of a sym-
metric dimer rearrange themselves into one (more) filled
orbital (this Si atom moves outwards) and one (more)
empty orbital (the corresponding Si atom moves inwards)
[17]. The energy difference between symmetric and asym-
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metric Si dimers is about 0.1 eV, while the two possible
asymmetric dimer configurations are practically degener-
ated [15]. In the molecular orbital language, the down
atom adopts a planar quasi sp~ configuration, while the up
atom in the dimer adopts a p3 configuration. This kind of
symmetry lowering is frequently observed in solid state

physics, and it is referred to as Peierls distortions or Jahn-
Teller effect. The crucial point is the existence of half
filled bands in the symmetric configuration. In addition,
the dangling bonds within a buckled dimer are not inde-
pendent but rather they interact and combine to form a

weak it bond which turns out to be of paramount impor-
tance for the hydrogen adsorption on this surface (cf. the
discussion below). A first strong hint for the presence of
buckled dimers on the clean Si(OOl)—(2 x 1) surfaces
goes back to photoelectron emission studies [18] and STM
spectroscopy [19] which both demonstrated that the
Si(OOI)—(2 x 1) surface is non-metallic. With symmetric
dimers the Si(001) surface should become metallic be-
cause the band associated with the dangling bonds is half
filled. Recent high-resolution photoelectron emission data
revealed even two inequivalent types of surface silicon
atoms which were assigned to be the up and down atoms
of buckled dimers [18]. In early total-energy calculations
[ 16, 20] the dimers were found to be asymmetric as well
as buckled producing a surface with semiconducting
properties compatible with the above-mentioned experi-
ments.

From the preceding discussion both a rapid flipping
between the buckled dimer configurations or a statistical
(static) distribution of these buckled dimers would be

equally conceivable. Upon cooling below 200 K the
(2x1) structure transforms reversibly into a c(2 x 4)
structure [21]. In the c(2 x 4) neighboring dimers are sta-

tically tilted in the opposite direction, reducing the total
energy per surface atom by a small amount on the order
of lOmeV [22]. Upon raising the temperature, the tilted
Si dimers start to flip from one asymmetric dimer con-

figuration to the other. This view received direct support
by recent low-temperature STM investigations [23] that
imaged this phase transition. At room temperature, a large
portion of the surface was covered with apparently sym-
metric dimers, while upon cooling to low temperatures
(120 K), an increase of dimers in the asymmetric config-
uration was observed. Hence, the STM images at room

temperature, showing predominantly symmetric dimer con-

figurations, were argued to be a consequence of time aver-

aging. The Si(001)—(2 x 1) surface is then simply charac-
terized by Si dimers which are rapidly switching between
the orientations in the up and down direction.

A recent surface x-ray diffraction (SXRD) analysis [24]
indicated that also the clean Ge(001)—(2 x 1) surface con-

stitutes surface dimers which are inclined out of the sur-

face at an angle of about 17°; the separation between up
and down atoms turned out to be 0.7 A. A detailed com-

parison of the structural parameters discloses the atomic
geometries of the (2x1) reconstructions on Ge(001) and
Si(001) to be very much alike, in particular when the dif-
ferent lattice constants are taken into account. In the fol-

lowing, we will see that this (general) property of Ge and
Si is frequently encountered.

Adsorption of hydrogen on the (001) surface of Si (Ge)
changes the (2x1) reconstruction of the clean surface,
and it is generally believed to lift the Jahn-Teller distor-
tion, resulting in a symmetric dimer configuration with
presumably two H atoms per dimer ('monohydride':
0

—

1.0) [25]. Further uptake of hydrogen requires bond
breaking of the dimers which is characterized by a trans-
formation of the (2x1) structure into a defective (lxl)
'dihydride' surface (0 = 2.0) [26]. The following dis-
cussion focuses on the crystallographic data of the deuter-
ized Ge(001) surface. Deuterium D = "H was used since
LEED is more sensitive to the position of D than to that
of H because of the smaller thermal movements owing to
its larger mass, while H and D have identical chemical
properties. A LEED structure analysis of Ge(001)—
(2 x 1)—D [27] indicated that upon D adsorption the di-
mer bond length of 2.4 ± 0.2 Ä remains unchanged, com-

pared to the clean surface. Both Ge dimer atoms are

capped by D chemisorption. The D-covered Ge dimers are

symmetric so that the main effect of D adsorption on the
Ge(001)—(2 x 1) surface consists in a back bending of the
Ge dimers from 17° tilting to 0°. The D atoms sit on top
of the Ge atoms (Ge-D bond length: 1.6 ± 0.2 Ä), thus
saturating the remaining dangling bonds. The detailed
atomic geometry is summarized in Fig. 3. The dimer-in-
duced distortions in deeper substrate layers tum out to be
quite similar in both the clean [24] and the D-covered
(2x1) structures in line with the view that the lateral
shifting of the topmost Ge atoms forming the dimers is
chiefly responsible for these distortions.

The pairing of D atoms is controlled by the attractive
interaction between unpaired dangling bonds of the dimer
atoms (so-called 7t bonding) rather than by a direct attrac-
tion between the D atoms [28, 29]. Since the adsorption
of single D atoms on a dimer destroys the attractive tz

interaction between dangling bonds within a Ge dimer,

Ax(lA) = +0.80(8)
Ax(lB) = -0.80(8)
Ax(2A) = -0.05(10)
Ax(2B) = +0.05(10)
Az(3) = 0.12(5)
Az(4) = 0.14(5)

dx(D-Ge) = 1.35(20)
<d12> = 1.18(5)
<d21> = 1.34(5)
<d,4> = 1.45(5)
<d4,> = 1.38(8)
d* = 1.44(8)

Fig. 3. Structure model and fit parameters for the Ge(001)—
(2 x 1)—D surface [27] as obtained from a LEED-IV analysis. The
dashed lines indicate the structure of the clean Ge(001) surface (taken
from Ref. [24a]). The values indicated are the bond lengths in A
between touching Ge atoms.
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adsoiption for a second D atom on the same dimer is en-

ergetically more favorable than occupying another dimer
and thereby destroying a further it bonding, even though
the direct interaction between neighboring D atoms might
be repulsive.

2.3 Metal-induced (\/3 x \/3) R30° reconstructions
on the (111) surface of Si and Ge

The bulk-terminated (111) surfaces of Ge and Si possess
one dangling bond per surface atom whose density is high
enough to let both surfaces reconstruct in a quite complex
manner. The thermodynamically stable Si(lll) surface is
the (7 x 7) reconstruction, while the Ge(lll) surface re-

constructs into a c(2 x 8) superstructure. The stabilization
of the (111) surfaces of elemental semiconductors is well
understood and is mainly driven by the reduction of the
number of dangling bonds at the surface, without introdu-
cing too much strain in the surface region. Mainly two

structural elements meeting this principle have been identi-
fied so far. Most notably, the so-called adatoms are able to

saturate three dangling bonds on (111) surfaces, while
creating only one new dangling bond. This structural mo-

tif is known to stabilize the clean Ge( 111 )—c(2 x 8) sur-

face [30] and is also a major stabilizing factor of the di-
mer-adatom-stacking-fault (DAS) model of the clean
Si(lll)—(7 x 7) surface [31]. The second structural ele-
ment that efficiently reduces the number of dangling
bonds was originally found on (001) surfaces whose bulk-
truncated structure consists of atoms carrying two unsatu-
rated bonds (cf. section 1.2). In pairing up two adjacent
atoms, i.e., forming so-called dimers, the number of dan-
gling bonds can be halved. On the Si(lll)—(7 x 7) sur-

face (cf. Fig. lb), one half of the (7 x 7) unit cell contains
a stacking fault between the top two Si double layers,
while the other half shows the normal stacking sequence.
These two (triangular-shaped) regions are interconnected
by Si dimers which reduce efficiently the number of dan-
gling bonds. It is important to mention that the difference
in the surface geometries of the clean Si(l 11) and Ge(l 11)
surfaces is quite singular in that normally the surface
structures of Si and Ge

-

in particular adsorbate-induced
reconstructions

-

agree well with one another [32].
Adsorption of noble metals Au and Ag and also of

alkali metals, Li and Na, on the (111) surfaces of Ge and
Si leads to structures with (\/3 x \/3) R30° periodicity.
Although the surface unit cell is rather small, the structure
determination took more than 15 years of intense research
work [33], employing a host of surface sensitive techni-
ques. Eventually two models have emerged for the case of
Si(lll) which are consistent with most of the exper-
imental results, namely the so-called honeycomb-chained
trimer (HCT) model (cf. Fig. 4) describing the Ag/
Si(l 11)-(\/3 x v^rWO0 surface [34] and the conjugate
HCT model (CHCT) (cf. Fig. 5) found with Au/
Si( 111 )-(\/3 x \/3) R30° [35, 36], Both models are char-
acterized by a missing top-Si layer that is replaced by no-

ble metal atoms. While Ag adsorption forces the remain-
ing Si atoms in the top layer to create Si trimers centered
above fourth-layer Si atoms, Au leaves these Si atoms al-
most at the bulk positions and forms Au trimers instead.

Fig. 4. Schematic top and side view of Ag-induced reconstructions
on the Si(l 11) and the Ge(l 11) surface. The main building block of
the honeycomb-chained trimer (HCT) model is the Si(Ge) Irimer. The
biggest circles denote Ag atoms.

In the HCT configuration for Si(l 11)—Ag the Si trimeriza-
tion pairs up two dangling bonds on each Si atom. The
remaining Si electron is paired with the s valence electron
of the Ag atom creating a non-metallic surface. The bond-
ing picture for the case of Au—Si(lll) is more complex.
While the Si atoms are no longer nearest neighbors in the
plane, they nevertheless form bonds through the Au tri-
mers, resulting in six-atom clusters of three Si atoms and
three Au atoms each (shadowed region in Fig. 5). The
CHCT reconstructed surface is metallic.

The reason for the HCT and the CHCT formation on

Si( 111 ) was attributed to the relative strengths of the me-

tal-metal and Si-Si bonds. The Au-Au bond with 2.29 eV
is stronger than the Ag-Ag bond with 1.69 eV [33, 37,
38], and the Si-Si bond energy is 3.39 eV. For the
Si(lll)-(\/3 x \/3)R30°-Au surface, the Au trimer
bond formation is obviously more important for total en-

ergy balance than the formation of Si trimers. By contrast,
the energy gain due to metal trimerization is smaller for

Fig. 5. The conjugate honeycomb-chained trimer (CHCT) model of
the Au-induced reconstruction on the Si(lll) and Ge(lll) surface.
The main building block represents the Au trimer. The largest circles
denote Au atoms, and Si(Ge) atoms in layers 2, 3, and 4 are depicted
with decreasing radii. The solid circles denote sixlh-layer atoms.
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Ag and therefore the formation of Si trimers wins out.
From this simple argument, the structure of Si(lll)—
(s/3 x V3) R30°-Li can be predicted. Since the Li—Li
bonding (1.14 eV) is even weaker than that of Ag, one

monolayer of Li should induce a HCT reconstruction.
Solely based on the chemical similarities between Ge

and Si and the fact that the relative strength of the metal-
metal bond and the semiconductor-semiconductor bond do
not reverse the order in going from the Si to the Ge sys-
tem (the Ge—Ge bond strength is 2.84 eV), one expects to
find similar bond configurations also with Ge(l 11). A pre-
vious SXRD study has identified the CHCT model for the
Ge(lll)-(\/3 x v/3)R30°-Au surface [39]. For the
Ge(lll)-(\/3 x v^RStT-Ag surface, however, a

SXRD investigation favored the CHCT model [40] in con-

trast to the case of Si( 111 ). Recent LEED analyses have
clarified this issue, showing that the Ge( 111) and Si( 111 )
surfaces do react identically to the chemisorption of Au
and Ag [41, 42]. It turned out that Ag forms the HCT
model on both Si(l 11) and Ge(l 11), while Au forms the
CHCT model on both substrates. In Table 1 the character-
istic bond lengths and in Table 2 the atomic coordinates
are compiled. As expected, the metal-metal bond lengths
are identical for the cases of Si( 111 ) and Ge( 111). The
bond length between the trimer substrate atoms increases
when going from Si(lll) to Ge(lll) which parallels the
respective lattice constants. It is quite interesting that the

Table 1. Comparison of the (\/3 x \/3) R30° reconstruction formed
by Ag and Au on Si(l 11) or Ge(l 1 1). The crystallographic data were

obtained by using quantitative LEED. Main result: the surface struc-
tures found by the adsorption of Ag and Au are almost identical on

Si(l 11) and Ge(lll).

System: metal-metal bond lengths
( \ß x %/3) R30° n

-

n substrate
distance trimer

model metal-Si(Ge)
bond length

Ag/Si [45]
Au/Si [35]
Ag/Ge [38]
Au/Ge |39]

3.47±0.12A
2.80À
3.58 ± 0.06 Ä
2.81 ±0.07 A

2.49 ±0.08 A

2.72 ±0.08 A

HCT 2.36±0.16Â
CHCT 2.42 À
HCT 2.52 ±0.14 Â
CHCT 2.50±0.14Ä

Table 2. Atomic coordinates in À for the Ag-induced HCT recon-

struction of Ge(lll) in comparison to the Si(lll) case. The same

comparison was carried out with the Au-induced CHCT reconstruc-

tion on Ge(lll) and Si(lll). Note that the parameters for the HCT
model on Ge(lll) and Si(lll) are almost identical if the different
lattice constant is considered (Si: 5.43 A, Ge: 5.66 Ä). The same
conclusion is valid for the Au-induced CHCT reconstruction. Struc-
tural parameters of the bulk indicate that this parameter was not opti-
mized in that LEED analysis.

Ag/Ge(lll) Ag/Si(lll)
[38] [45]

Au/Ge(lll) Au/Si(lll)
[39] [35]

XS(1)
Xs(2)
Z,
D,
Z2
Z3
D2
Z4
Z,

2.93 ± 0.06
5.35 ± 0.06
4.78 ± 0.01
0.70 ± 0.04
2.43 ± 0.03
0.73 ± 0.03
1.06 ± 0.05
2.20 ± 0.03
0.19 ± 0.05
0.86 ± 0.05

2.85 ± 0.12
5.21 ± 0.08
4.47 ± 0.09
0.78 ± 0.05
2.30 ± 0.04
0.66 ± 0.07
1.03 ± 0.07
2.05 ± 0.04
0.19 ± 0.05
0.85 ± 0.07

1.62 ± 0.07
4.07 ± 0.07
4.58 ± 0.09
0.51 ± 0.05
2.44 ± 0.03
0.68 ±0.12
0.92 ± 0.07
2.23 ± 0.03
0.22 ± 0.05
0.96 ± 0.07

1.62
3.98

0.56
bulk
bulk
bulk
bulk
bulk
bulk

metal-Si(Ge) bond length depends only on the size of the
substrate atom.

From the above considerations of bond strengths we

have already conjectured that Li (and Na) adsorption will
also lead to the HCT formation on Si(l 11) and Ge(l 11).
Quantitative LEED has indeed shown that 1 ML of Li
atoms forms the HCT structure on Si(l 11) [43]. From the
striking similarities of experimental LEED-IV curves of
Ge(lll)-(\/3 x x/3)R30°-Ag and Ge(lll)-(\/3 x s/3)
R30°—Li [44], there is also strong evidence that Li ad-
sorption drives the Ge(l 11) surface (as with Si(l 11)) into
a HCT configuration. This was recently confirmed by a

full-dynamical LEED analysis [45].

2.4 Metal-induced (3x1) reconstructions
on the (111) surface of Si and Ge

The deposition of monovalent metal atoms, such as Ag
and also of the alkali metals Li, Na, K, on the (111) sur-

faces of Ge and Si, leads not only to the formation of a

HCT reconstruction with (\/3 x \/3) R30° symmetry at a

metal coverage of 1 ML, but is also able to produce sur-

face structures with (3x1) periodicity at a metal coverage
of '/3ML. This reconstruction has received considerable
experimental attention over the past 10 years. Recently, it
was found that this reconstruction exhibits unusual chemi-
cal [46] and electronic properties [47] in that the
Si(l 11)—(3 x 1)—Na surface is less reactive against oxida-
tion and its surface-state band gap is extraordinarily large
(about 1 eV). Although the surface unit cell is again quite
small, the atomic geometry has not been determined so

far. Also for this surface reconstruction many models have
been proposed in the literature over the past 10 years, and
most of them have been discarded after the metal coverage
was pinned down to be '/j [48]. Essentially, two promis-
ing candidates are left in the literature which have been
discussed in the context of STM images and tunneling
spectroscopy [49], electronic properties (UPS, ARUPS)
[50], and ab-initio calculations [51]. These are the Seiwatz
model [48] and the extended Pandey model [51] (cf.
Fig. 6). The Seiwatz model is characterized by fivefold
rings of Si(Ge) atoms which form a kind of jr-bonded
chains as also found for the Si(lll)—2 x 1 surface [52].

Extended Pandey model Seiwatz model

Fig. 6. Side and top view of the idealized geometries of the (a) Sei-
watz and the (b) extended Pandey model.
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The extended Pandey model consists of a sevenfold ring
carrying the jr-bonded chain in combination with a five
and a six-members ring of Si. An intuitive notation is
therefore 567567 model and 500500 model for the ex-
tended Pandey and the Seiwatz model, respectively (cf.
Fig. 6). It is important to note that none of these models
has ever been confirmed by a surface crystallographic
technique such as LEED or surface x-ray diffraction
(SXRD). In this sense, the atomic geometry of the (3x1)
surface reconstruction of Si(lll) has to be considered as

unknown.
In this section, we report that even these two models

can be turned down on the basis of recent x-ray and elec-
tron diffraction data. Rather a different structure model has
been developed that fits SXRD data and LEED data as

well. Before elaborating on this novel structure model for
the (3x1) reconstructions of Si(l 11) and Ge(l 11), we re-

call a previous LEED observation which is very helpful
for rejecting proposed structure models. Fan and Ignatiev
[53] have shown that the LEED-IV curves of the
Si(lll)—(3 x l)-metal system and the LEED-IV curves of
the Ge(lll)—(3 x l)-metal system are almost independent
of the kind of adsorbed metal atom. Therefore the LEED
data are not determined by the metal atoms themselves but
rather by the metal-induced surface reconstruction of the
Ge(l 11) and Si(l 11) surface which should be identical for
all metals used [54]. Referring back to section 1.3, where
we found close resemblance between the (\/3 x y/3) R3()°
reconstruction of Ge(l 11) and Si(l 11), one may anticipate
that the surface reconstructions of Ge(lll)—3 x 1 and
Si(lll)—3 x 1 are also similar. If we can determine the
surface structure for one surface, say Si(lll)—(3 X 1),
then the corresponding Ge(lll)—(3 x 1) reconstruction
can be found by just scaling the Si coordinates to Ge.
This is a very important and helpful feature since it allows
us to circumvent the problem with multiple local minima
in the r-factor surfaces, i.e., different surface structures ex-

hibiting similar good agreement between calculated and
experimental diffraction data: It is very unlikely that
Ge(lll)-(3 x 1) and Si(lll)-(3 x 1) produce coincident
local minima in the r-factor surface due to different lattice
constants and scattering properties. Restricting the analysis
to the case of Li, we can safely neglect scattering from the
metal overlayer focusing only on the substrate reconstruc-
tion. If the experimental LEED/SXRD data of both
Ge(lll)-(3 x 1)-Li and Si(lll)—(3 X 1)—Li can be
fitted with the same model structure of surface reconstruc-

tion, this strongly supports the assumption of having now
found the true surface structure.

The new structure model proposed here goes back to a
recent SXRD study of the Si(lll)-(3 x I)—Li surface
[55] which favored a model, denoted as 560560 model:
the substrate reconstruction consists of consecutive five
member and six member rings, separated by empty chan-
nels (cf. Fig. 7). This model can be viewed as being a

compromise between the Seiwatz and the extended Pandey
model: Either one adds a six fold ring to the Seiwatz mod-
el or one removes the sevenfold ring from the extended
Pandey model to arrive at the 560560 model. The model
structure favored by SXRD was strongly puckered in that
the six fold ring is by about 1 A higher than the fivefold

Ge/Si(lll)-(3xl)-Li/Na/Ag
560560... model

Fig. 7. The top and side view of the 560560
...

model which is fa-
vored by SXRD and LEED to be the actual surface reconstruction of
the Li—(3 x 1) of Si(lll) and Ge(lll). The atomic coordinates in
angstroms of atom N (N = 1, 2,... 10) can be found in Table 3.

Table 3. Atomic coordinates in A for the 560560 reconstruction of
Si(lll)—(3 x 1)—Li without considering the Li atoms. Presumably.
Li binds to the dangling bond associated with atom 1 in Fig. 7. In
columns (a) to (c) the history of the combined SXRD/LEED is sum-
marized starting with the model originally proposed by SXRD.

Atom (a) 1st SXRD
[55] (x, z)/À

(b) 2nd LEED
[57, 58] (x, z)lk

(c) 3rd SXRD
[58] (x, z)/À

I
2
3
4
5
6
7
8
9

10

(1.90,
(2.60,
(5.04,
(6.00.
(0.05,
(3.03,
(6.49,
(0.96,
(4.30,
(7.62,

1.00)
0.46)
0.00)
0.54)
2.94)
2.88)
2.78)
3.82)
3.69)
3.56)

(0.88, 0.00)
(2.38, 0.26)
(4.42. 0.17)
(5.78, 0.32)
(0.09, 2.45)
(3.28, 2.41)
(6.51, 2.39)
(0.86, 3.25)
(4.61, 3.17)
(7.66, 3.12)

(0.86. 0.00)
(2.33, 0.35)
(4.62, 0.23)
(5.78, 0.35)
(0.13, 2.35)
(3.29, 2.35)
(6.51, 2.44)
(1.22, 3.26)
(4.28, 3.26)
(7.83, 3.01)

ring (cf. Table 3, left). The succession of the surface struc-
ture determination is summarized in Table 3. Using the
SXRD structure model as an input for a full-dynamical
analysis of the Si(lll)—(3 x 1)—Li LEED data only re-

sults in a very bad fit (best Pendry r-factors reached are

between 0.7 and 0.8). Hence, it seemed that the structure
model proposed by SXRD is not the ultimate solution. In
a next step, an exhaustive structural search based on the
560560 model was performed. Using a newly developed
method in LEED (the so-called envelope method [56]), we

could find an acceptable agreement between theory and
experiment on the basis of the 560560 model as quanti-
fied by an r-factor of 0.36 (cf. Table 3, middle). This
model structure is characterized by a topmost layer which
is almost flat, i.e. the fivefold and the six fold rings have
the same height. With a very similar model the LEED
data of the Ge(l 11)—(3 x 1)—Li surface could be fitted as

well, lending additional support that we now found the
true surface structure of the Si(l 11)—(3 x 1)—Li surface.

In order to resolve the discrepancy between LEED and
SXRD, the structural parameters found by LEED were re-
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piped as a trial model into a SXRD analysis. The structure
refinement by SXRD results in an equally good agreement
with the experimental data as for the original 560560
model (Table 3, left). The structural parameters agree
within the error bars with those determined by LEED (cf.
Table 3, middle and right).

From the structure analysis of the Li-induced (3x1)
reconstruction of Ge(l 11) and Si(l 11) it can be concluded
that neither SXRD nor LEED alone may be able to solve
such complex surface structures. Only the combined effort
of SXRD and LEED succeeded eventually in solving the
(3x1) reconstruction of the (111) surfaces of Si and Ge.

The structural characteristics of the Si(l 11)—(3 x 1)—Li
surface can be described as follows: The substrate recon-

struction consists of consecutive five-member and six-
member rings which are separated by empty channels. The
atoms labeled 3 in Fig. 7 exhibit an almost planar bond
configuration within 0.15 À which indicates rehybridiza-
tion from sp3 (bulk-like) to sp2. Hence, the dangling bond
of atom 3 is empty. Atom 4 adopts a p bonding config-
uration with a fully occupied dangling bond. The bond
lengths from atom 3 to 2 and from 3 to 4 are about 8%
shorter than the bulk bond length. The bond angles of the
coordination shell of atom 3 are around 120° which is
consistent with a sp2 rehybridization. The bond lengths for
atom 4 with its nearest neighbors are slightly longer than
the bulk bond length. Altogether, there appears to flow
electronic charge from atom 3 to atom 4, thereby reducing
the number of dangling bonds by 2 per (3x1) unit cell.
This view is supported by recent DFT calculations [58].
The only dangling bond left on the surface is located on

atom 1. The role of the alkali metal is that of a donor
which passivates the dangling bond, so that no unsaturated
bonds remain.

This structure model is convincing in many respects
since it easily allows to explain other experimental find-
ings. For instance, the charge transfer from atom 3 to
atom 4 transforms the otherwise metallic surface into a

semiconducting one [47]. The observed double stripes in
fill-state STM images and single stripes in empty state
STM images can be reconciled by assigning the rows of
empty state to atom 3 and assigning the rows of the filled
states to atoms 1 and 4 [49]. Recent DFT calculations
have confirmed this view [58]. Also the transformation
from the (3x1) structure to the (\/3 x \/3) R30° phase
by depositing more metal on the surface can easily be
rationalized. Beyond a coverage of 1/3, the bonding con-

figuration of atom 3 becomes destabilized via additional
electronic charge density. Thereby atom 3 is replaced by a

metal atom, and the neighboring substrate atoms trimerize,
for instance atom 4 and 2, to form the (\/3 x \/3) R30°
phase. Last, also the energetics of the 560560 surface is
expected to be quite favorable since the total energy of the
Seiwatz and the extended Pandey model are almost degen-
erated and the 560560 model represents a compromise be-
tween these structure models. A recent DFT study by Seit-
sonen [58] found that the 560560 model is by 0.4 eV
more favorable than the 500500 and 567567 model.

2.5 The (2 x 2) reconstructions
of clean GaAs(lll) and GaAs(ÏTÏ)

Different from elemental semiconductors, compound III-V
semiconductors, such as GaAs, minimize their surface en-

ergies (i.e., the number of dangling bonds) by filling the
group V dangling bonds and emptying group III dangling
bonds. This results in a type of ionic bonding. Generally,
the composition of the surface is governed by the require-
ment of a charge-neutral surface region. This criterion
leads to the so-called electron counting rule [59] which
determines the allowed stoichiometries for the surface
compounds. Depending on the preparation conditions, the
close-packed polar faces of GaAs form, among other
superstructures, two surface structures with (2 x 2) sym-
metry. One is prepared under As-rich conditions, and the
resulting reconstruction is referred to as GaAs(ïïï)—
(2 x 2). On the basis of STM images [60], the main struc-
tural element of this surface was proposed to be the As
trimer which was also favored from first principle calcula-
tions [61, 62]. The other (2 x 2) surface is prepared under
Ga-rich conditions, and the (111) surface of GaAs recon-

structs into a so-called Ga vacancy model [63]. This kind
of structure has also been observed for other III-V semi-
conductors, such as GaP, GaSb and InSb [10].

Let us start the discussion with the Ga vacancy model
which was determined previously by LEED [63] and
whose structural parameters are summarized in Fig. 8. The
Ga vacancy generates three additional As dangling bonds
which exactly compensate the remaining three Ga dan-
gling bonds. In other words, the removal of one Ga atom
causes the surface to be stoichiometric. This effect is
called autocompensation which turns the former polar sur-

face into a non-polar one. The charge transfer is also ob-
vious from the structural results (cf. Fig. 9). Every Ga

GaAs(lll)(2x2)

O As
Q Ga

Fig. 8. The top and side view of the (2 x 2) Ga vacancy structure on
the GaAs( 111) surface. The main structural characteristics consists of
a missing Ga atom and an almost flat Ga + As double layer [44].
The numbers in brackets are corresponding bulk values.
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GaAs(lll)(2x2)

0.17 (0.00)
1.37

O As
C Ga

Fig. 9. The top and side view of the (2 x 2) As trimer structure on

the GaAs(ÏTÏ) surface as derived from LEED intensity data [44].
The numbers in brackets are corresponding bulk values.

atom carrying a dangling bond is bonded to an As atom
which also possesses a dangling bond. To practice the so-

called electron counting rule we rationalize this charge
transfer in more detail. In the GaAs bulk structure, Ga and
As supply 3/4 and 5/i electrons to each bonding, respec-
tively. This means without charge transfer, the dangling
bonds of Ga and As carry 5/4 and 3/a electrons,
respectively. Charge transfer from the Ga atoms to the co-

ordinated As atoms leaves an empty dangling bond at the
Ga and forms a non-bonding lone pair (a filled dangling
bond) at the As atom. This charge transfer is accompanied
by a relaxation of the Ga atoms towards the plane of the
As atoms below. The topmost Ga—As double layer be-
comes almost planar, i.e., the Ga atom adopts a sp -like
orbital hybridization. On the other hand, the As atoms

move towards the vacancy (as indicated by the arrows in
Fig. 8) so as to adopt p3 hybridization. The Ga vacancy in
combination with the relaxations of Ga and As in the
outermost layer induces a strain field which is partially
relieved by displacements of Ga and As atoms in the sec-

ond Ga—As double layer in form of a buckling of 0.1 A.
The As trimer structure was determined by a quantita-

tive LEED intensity analysis [64] as shown in Fig. 9. The
As trimers are bonded to three As atoms in the next layer
which are centered directly above the Ga atom in the sec-

ond layer. The As—As distance in the As trimer is
2.37 ± 0.08 Ä, i.e., only somewhat smaller than in the
As4 cluster (2.44 Ä) and than the theoretically predicted
values of 2.44 Â [61] and 2.46 A [62]. The trimer is lo-
cated 2.29 Â above the plane defined by the three at-
tached As atoms underneath. This value is identical to the
calculated value of 2.28 Ä [61]. The rest atom (R in
Fig. 9) pops up by 0.56 A, indicating that this atom un-

dergoes a rehybridization towards p3, i.e., its dangling
bond is filled with two electrons. Obviously, also for this
reconstruction a charge transfer takes place, however, this

time from the As trimer to the As rest atom. To elucidate
this charge transfer, we apply again the electron counting
rule. As already mentioned, Ga and As provide 3/4 and
51a electrons to each saturated bonding (occupied by two
electrons), respectively, in a bulk-like environment. The
As atoms in the trimer put one electron into the bondings
with the other trimer atoms and 3/'4 electron to the back-
bonding with the As atom underneath; note that the As
atom underneath, which is more or less bulk-like, already
supplies ?/a electrons to the bonding to the As trimer
atom. Since the valency of As is 5, each of the dangling
bonds in the As trimer would have to carry 9/a electrons
in the dangling bond (i.e., [/a electron too many). How-
ever, by transferring '/a electron from each trimer As
atom to the As rest atom, all As trimer atoms in the trimer
have fully occupied dangling bonds, and the As rest atom
is also satisfied.

The As trimer formation greatly distorts the substrate
lattice, and therefore, large relaxations down to the sixth
atomic layer are present to relieve the strain. In particular,
the LEED analysis [64] found a vertical buckling of the
Ga atom in the third layer and of the As atom in the
fourth layer of 0.39 Ä (z3) and 0.31 A (z4), respectively,
and a lateral displacement of a Ga atom of 0.17 A (Ax2).
A quite similar pattern of strain relief was found for the Si
trimer model for the Si(lll)-(V3x y/3)R30°-Ag sur-

face [65].

2.6 Concluding remarks

Clean and adsorbate-covered semiconductor surfaces are

frequently strongly reconstructed. Their particular surface
structures are dominated by the tendency to reduce the
number of dangling bonds, without introducing too much
strain and leaving the surface electronically neutral. Main
structural elements identified so far are dimers, trimers,
and adatoms. Very often adsorbate-induced surface struc-
tures found on Si are equally found on Ge and vice versa.

This can be employed in the determination of the atomic
geometry (bypassing local minima in the r-factor surface)
by measuring and analyzing a particular surface phase on

both Ge and Si.
The surface structures discussed in this chapter are con-

sidered to be complex in two different ways. First, the
reconstruction leads to surface structures which are very
different from a bulk-terminated surface, and second, the
reconstruction causes a strain field in the surface region
which is relieved by large relaxations down to deep layers.
Accordingly, the overlayer unit cell consists of at least
four to five layers.

III. Coadsorption systems:
structure and reactivity at metal surfaces

3.1 Introduction

This particular class of adsorption systems is relevant to
the understanding of elementary steps in heterogeneously
catalyzed reactions. It is well documented that in heteroge-
neously catalyzed reactions the reactants have to adsorb
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gas phase reaction

CO + y02 *" C02 exotherm

A

• I '

@ reaction coordinate

Langmuir-Hinshelwood
O2 (g) -2O (ad) dissociative adsorption
CO (g) *" CO (ad) molecular adsorption

O (ad) + CO (ad) -*" CO^(g) interaction, reaction

co2<^

Fig. 10. (a) Qualitative potential curve as a function of the reaction
coordinate with (solid line) and without employing a catalyst. The
activation barrier is essentially determined by the O—O bonding,
(b) The elemental steps according to the Langmuir-Hinshelwood me-
chanism are shown which occur during the CO oxidation reaction
over a metal surface.

on the metal surface prior to their recombination [66].
This is the so-called Langmuir-Hinshelwood mechanism
[67]. Let us now focus on a particularly simple reaction,
e.g., the catalytic oxidation of carbon monoxide over plati-
num group metal surfaces, which is also important in the
context of reducing the automotive emissions. This reac-

tion is probably the most extensively studied reaction un-

der ultra-high vacuum (UHV) as well as under real reac-

tion conditions, qualifying it as a model system in surface
chemistry and physics. The oxidation reaction of CO is
exothermic by about 2.9 eV. However, its efficiency is low
in the gas phase (homogeneous reaction) due to the high
activation barrier imposed by the strong O-O binding,
which has to be broken prior to the actual oxidation step
of CO (cf. Fig. 10a). To lower this activation barrier, cata-

lysts containing platinum group metal particles as the ac-

tive centers are employed. Fig. 10b illustrates the CO oxi-
dation reaction process over a platinum group metal
surface. Here the molecular oxygen adsorbs dissociatively,
thus automatically providing a kind of atomic oxygen spe-
cies, which is able to react with adsorbed CO to form
C02. C02 is weakly bound on the metal surface and there-
fore immediately released into the gas phase under reac-

tion conditions. Charge density with proper symmetry (in
particular d-charge density) from the metal surface inter-
acts with the anti-bonding molecular orbitals of oxygen
and causes oxygen molecules to dissociate upon approach-
ing the surface. CO molecules chemisorb molecularly on

the surface. They are able to strike adsorbed oxygen
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atoms due to their high mobility at the surface and occa-

sionally form an activated complex (reaction intermediate)
from which the recombinative reaction to C02 takes place.
There are two points worthwhile to notice. First, structural
and other properties of this activated complex may be clo-
sely related to corresponding properties of a mixed
CO + O coadsorbate system which can be studied by sur-

face sensitive techniques. Second, the CO oxidation reac-

tion is still an activated process
-

although the activation
barrier is substantially lowered compared to the homoge-
neous reaction

-

since the adsorbed oxygen atoms form
quite strong bonds to the metal surface. The microscopic
mechanism, which determines this activation barrier in-
volved in the CO oxidation process, has still to be clari-
fied. Generally, the binding energy of oxygen on the cata-

lyst's surface governs how efficiently CO can be oxidized
at the metal surface. Is the oxygen-metal binding energy
too small (such as for Ag, and Cu), then oxygen dissocia-
tion is the rate-limiting step, resulting in a quite low turn-
over rate for the CO oxidation. The turnover rate [68] is
defined as the number of C02 molecules produced per
second and surface metal atom at a given CO partial pres-
sure. But also for strong oxygen-metal bonds (such as for
Ru) the activity is quite low. Right in between these ex-
tremes the reactivity for CO oxidation is highest (volcano
curve), as found for Rh and Pt, which therefore are also
essential constituents in the three-way automobile exhaust
catalyst.

Even if a metal surface (in a metal catalyst) is not very
active in terms of a particular reaction, its activity (and
selectivity) can be markedly improved by using additives
and promoters. One of the most prominent promoters are

the alkali metals which serve as electronic modifiers [69].
For instance, it has been observed that under UHV condi-
tions the Ru(OOOl) surface is not active at all in oxidizing
CO. However, small quantities of Cs which were added to
the surface increased the

•

reaction probability by several
orders of magnitude [70]. A dramatic increase in the reac-

tivity of Ru(OOOl) is also accomplished when the CO oxi-
dation reaction takes place under heavily oxidizing condi-
tions which are able to maintain a (1 x 1)—O overlayer at
the surface [71]. In this high O coverage phase, oxygen is
notably less strongly bound (about 0.8 eV) [72] than in
the low O coverage (2 x 2) phase which effect presum-
ably is responsible for the observed high activity of this
surface.

From this motivation the outline of the following chap-
ter is straight forward. Starting with some general remarks
on the bond formation of CO on transition metal surfaces
(Blyholder model), we will be investigating the interaction
of CO and O on platinum group metal surfaces such as

Ru, Rh, and Ni. Next, we are discussing the high-cover-
age phase of oxygen on Ru(OOOl) and its impact on the
high efficiency of the CO oxidation reaction. Third, we

are concentrating on the interaction of Cs with CO which
is aimed at receiving additional insight into the promoter
effect of alkali metals in the CO oxidation reaction and
the interrelation between electronic and structural proper-
ties of this coadsorbate system. Finally, we present some

(preliminary) structural data for the ternary system consist-
ing of CO, O, and Cs.
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3.2 The chemisorption of CO molecules on
transition metal surfaces: The Blyholder model

The most important molecular orbitals (MO) of the CO
molecule, determining its reactivity, are the non-bonding
5cr (Highest Occupied MO: HOMO) and the anti-bonding
2jt* MO (Lowest Unoccupied MO: LUMO). The filled 5(7
state acts as a donor state, while the 2ji" MO serves as an

acceptor state. Upon chemisorption of a CO molecule on a

transition metal surface, the 5er—CO MO donates part of
its electronic charge to band states of the metal substrate,
exhibiting o symmetry (o donation, a bonding). This pro-
cess of a donation is counterbalanced by back donation of
charge density with ii symmetry from the metal to the
2jz* MO of the CO. This back donation strengthens the
metal-CO bond (back bonding) and concomitantly weak-
ens the internal C—O bond. The C—O bond weakening
can readily be monitored by vibrational spectroscopy, e.g.,
high-resolution electron loss spectroscopy (HREELS) and
infrared absorption spectroscopy (IRAS): The C—O
stretch frequency becomes the smaller the stronger the
back bonding is developed. This concerted donor-acceptor
mechanism is called Blyholder model [73] and the essen-

tial processes are illustrated in Fig. 11. The predominant
contribution to the CO-metal bond comes from the back
bonding. Is the back donation suppressed by missing d-
charge density near the 2jx* MO level (as encountered
with the quasi s-p metals, Cu, Ag, and Au), then the CO-
metal bond is always weak [74]. From simple symmetry
arguments, i.e., optimizing the overlap between MOs of
CO with states of the substrate, it is clear that the CO
adsorption site and therefore the minimum in the potential
energy surface

-

PES
-

of this adsorption system is deter-
mined by the relative importance of a donation and
71 back donation for the CO-metal bonding. The overlap
of CO 2jr* orbitals with metal c/,T orbitals works best in
high-coordinated adsorption sites, while the overlap be-
tween CO—5(7 and metal (/,, orbitals is maximized for on-

® c co o

®

Fig. 11. (a) Molecular orbilals (MO) of CO, in particular the lowest
unoccupied MO (LUMO) and the highest occupied MO (HOMO) are

shown as linear combination of atomic orbitals. (b) Blyholder model:
Charge transfer from the CO 5ct to the metal atom and back donation
from Ru to the CO In* MO.

top adsorption. Therefore, one may infer that the PES for
CO chemisorption on a transition metal surface has the
(absolute) minimum in high-coordinated sites or in term-
inal configuration (on-top sites) when back donation or a
donation, respectively, prevails the interaction. Since the
degree of CO-metal back bonding is different for these
configurations, vibrational spectroscopies were extensively
used to predict the CO adsorption site. Quite frequently
this assignment has proven to be correct by surface struc-
ture sensitive methods, but there are also many examples
in the literature where this simple relation failed.

Modifying the electronic situation at the surface might,
however, tip the delicate energy balance imposed by the o

donation and back donation towards a different adsorption
site. We will elaborate on this simple idea by studying the
coadsorption of CO with oxygen and alkali metals. Oxy-
gen coadsorption will deplete the effective charge density
at the surface, thus being in competition with the 71 bond-
ing of CO to the surface. As a net effect, on-top ad-
sorption of CO might become more favorable. By con-

trast, coadsorption of alkali metals enhances the charge
density at the surface, thus improving the capability of
back donation, i.e., pushing the delicate energy balance
towards high-coordination sites.

3.3 CO and O coadsorbed
on the close-packed surfaces of Ru, Rh, and Ni

These metal surfaces are selected because Ru and Rh be-
have quite complementary with respect to their ability to

catalyze the CO oxidation reaction. Ru is a quite poor
catalyst under UHV conditions [75] and the reaction prob-
ability of an impinging CO molecule to be oxidized is
below 10~5 at 550 K. Rh, on the other hand, shows reac-
tion probabilities of >10% for a sample temperature of
550 K [76]. Under strong oxidizing conditions, this se-

quence is reversed. Ru indicates reaction probabilities of
1% at 550 K [77], while Rh is inactive due to surface
oxide formation [78].

For not too heavy CO loadings. CO molecules adsorb
in on-top positions on Rh( 1 1 1 H79| and Ru(OOOl) [80.
81], while on Ni(lll) CO molecules chemisorb in three-
fold hollow sites [821. This distinct adsorption behavior of
CO motivated us to also study the Ni(lll) surface and
how the CO adsorption site might be affected by modify-
ing the electronics at the surface. Obviously, a quite deli-
cate energy balance within the Blyholder model deter-
mines the particular CO adsorption site on the clean
transition metal surfaces. Upon flushing the surface with
electron charge density (by alkali metal adsorption) or de-
pleting the surface charge density (by oxygen adsorption),
the adsorption site of CO molecules may change between
high-coordinated and on-top positions.

As evidenced by thermal desorption spectroscopy, gen-
erally, the coadsorption of oxygen and CO destabilizes
both species on the surfaces compared to the case for
which each of these species is chemisorbed alone on the
surface. The reason is that CO (owing to its back bond-
ing) and oxygen (as a strongly electronegative species)
compete for the same electron charge density offered by
the substrate surface. Structurally, the coadsorption of CO
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Î.13±0.04)À

(2.08±0.03)A

Fig. 12. The bond configuration of CO on Ru(0001) forming a

(\/3 x \/3) R30° overlayer. CO resides in on-top position and induces
an outward displacement of the attached Ru atom by 0.07 A [81].

(1.15±0.04)A
(1.98±0.08)A

O-fcc O-hcp
(0.19±0.09)A

Cj.23±0.04)À
(2.09±0.03)Â

Fig. 13. The atomic geometry of the Ru(0001)-(2 x 2)-(2 O + CO)
surface [85]. Oxygen atoms sit in hep and fee sites arranged in a

honeycomb network in order to open on-top for CO chemisorption.

into the (2 x 2)—O precovered Ru(0001) surface, for in-
stance, results in the formation of two distinct CO + O
phases, namely the (2 x 2)-0 + 1 CO and the (2 x 2)-0
+ 2 CO phase [83]. The atomic geometry of the
Ru(0001)—(2 x 2)—O + 1 CO surface has been investi-
gated by LEED [84]. It was found that CO molecules ad-
sorb in on-top positions as also found on the clean
Ru(OOOI) surface (cf. Fig. 12). Since the back bonding of
CO is weakened by the presence of oxygen, the prefer-
ence of CO for the on-top position is even enhanced com-

pared to the clean surface. The observed static tilting of
CO away from the oxygen atom is attributed to the repul-
sive interaction between O and CO. By dosing several
10000 L of CO one is even able to accommodate a sec-
ond CO molecule in the (2 x 2)-0 unit cell. From IRAS
measurements [83] it was concluded that this second CO
molecule adsorbs in the threefold fee position. Comparing
TD spectra indicate that the fee-CO species is notably less
stable than the on-top CO, in accordance with the electro-
nic situation at the surface which facilitates a donation
rather than n back donation.

A peculiar situation is encountered when a (2 x 1)—O
precovered Ru(OOOl) surface is exposed to CO. The origi-
nal Ru(0001)—(2 x 1)—O surface does not provide any
on-top sites for CO adsorption on steric grounds. Conse-
quently, the (2 x 1)—O surface is not able to accommo-

date substantial amounts of CO at room temperature.
However, if the sample temperature is raised to 500 K,
appreciable amounts of CO molecules can adsorb. A re-

cent LEED analysis [85] disclosed that the (2 x 1 )-0 net-
work rearranges into a (2 x 2) honeycomb structure with
one oxygen atom in the hep and the other in the fee site
(cf. Fig. 13). In this way, the oxygen overlayer opens on-

top sites on which CO molecules can chemisorb. The driv-
ing force of CO to occupy on-top positions is obviously so

strong that even the less favorable fee site is occupied by
oxygen. DFT calculations indicate that the energy differ-
ence between the fee and hep position is 0.1 eV

...

0.3 eV
at O coverages between 0.75 and 0.5 [72]. CO adsorption

in on-top position might be more favorable by about this
energy difference than any other adsorption sites. Alto-
gether, these findings nicely demonstrate that on-top ad-
sorption of CO is clearly preferred under oxidizing condi-
tions on Ru(0001).

A quite similar picture emerges when moving on to the
coadsorption of CO and O on the Rh( 111) surface. Start-
ing from a (2 x 2)—O precovered Rh(lll) surface, CO
coadsorption is again able to form a (2 x 2)—O + 1 CO
and a (2 x 2)-0 + 2 CO phase [86]. Also for the O pre-
covered Rh(lll) surface the on-top position for CO is
clearly favored as also found for the clean Rh( 111) surface.
Only when all available on-top sites in the (2 x 2)—O
overlayer are filled, CO adsorption proceeds into fee sites.
This behavior has been confirmed by high-resolution XPS
measurements performed in Andersen's group [87]. On-top
and threefold hollow adsorption of CO results in distinct
C—Is core level shifts which in turn can be used as 'fin-
gerprints' to identify the adsorption site. The C—Is core
levels of on-top CO are shifted to higher energies. The
LEED analysis [86] retrieved that the local O—Rh adsorp-
tion configuration is altered by the presence of CO: The
Rh-O bond length changes from 2.00 Ä ((2 x 2)-0) to
2.06 Â ((2 x 2)-0 + CO) (cf. Fig. 14), i.e., the O-Rh
bond strength decreases upon CO coadsotption.

CO adsorption on the clean Ni(l 11) surface takes place
in threefold hollow sites up to moderate CO coverages,
indicating that CO back bonding dominates the potential
energy surface (PES). Upon coadsorption of oxygen,
which degrades the back bonding of CO to the Ni surface,
one might predict that CO molecules adsorb in on-top
positions. It is, however, not clear whether this oxygen-
induced weakening of the CO back bonding is strong en-

ough to force a site change of CO. Therefore, it was not
too surprising that a recent photoelectron diffraction study
[881 found that CO molecules adsorb also on the
(2 x 2)—O precovered Ni( 111) surface in the threefold
hollow position. Recent high-resolution XPS measure-

ments by Held et al. [89] suggested, however, that CO
prefers the on-top position on the (2 x 2)—O precovered
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Fig. 14. The atomic geometry of the
Rh(lll)-(2 x 2)-(0 + CO) surface [86]. Oxy-
gen atoms occupy fee sites, while CO adsorbs in
on-top position. The coadsorption of CO weakens
the O-Rh bonding, the O-Rh bond length
changes from 2.00 Ä (clean Rh(lll)) to 2.06 Â
in the coadsorbate phase.

Rh(lll)-(2x2)-0
O Ax=(0.02±0.05)Â

(0.06+0.05)
(1.24±0.06)Â
(2.25+0.04)À
2.194Ä

Rh(lll)-(2x2)-(0+CO)
Ax=(0.06±0.06)À

(1.83±0.05)À I
(0.04+0.03)5

Ni(lll) surface. Motivated by this XPS study, a LEED
structure analysis of the Ni(l 11)-(2 x 2)-0-CO
coadsorbate system was carried out. The result was unequi-
vocally in favor of CO being adsorbed in on-top position
[90]. Therefore, a quite general feature of CO chemisorp-
tion is captured: Oxygen coadsorption pushes the delicate
balance between o bonding and ic back bonding of CO to
a transition metal surface toward on-top adsorption.

3.4 Oxygen adsorption on Ru(0001) and Ru(10Ï0)
As outlined in the introduction, the binding energy of oxy-
gen to the metal surface essentially determines the height
of the activation barrier for the CO oxidation reaction. A
peculiarity of ruthenium is that under strongly oxidizing
conditions the turnover rate of C02 increases drastically,
while for the other platinum group metals heavily oxidiz-
ing conditions inhibit the CO oxidation reaction. This de-
monstrates the particular relevance of oxygen adsorption
on the Ru(0001) surface to the CO oxidation process and
might be related to the O—Ru binding energy which de-
creases markedly with increasing coverage without form-
ing a surface oxide. It should be noted that the oxidation
process of Ru and Rh is still not completely understood.
In addition, the adsorption geometry of the O/Ru system
reveals features which are anomalous or at least counter-
intuitive in that with decreasing O—Ru binding energy the
O—Ru bond length becomes shorter.

The Ru(OOOl) surface is able to accommodate several
monolayers of oxygen without building up an oxide struc-
ture such as Ru02. At low oxygen coverages the
(2 x 2)—O and (2 x 1)—O phases are formed with O cov-

erages of 0.25 and 0.50, respectively. Detailed LEED ana-

lyses of these O phases [91, 92] indicated that the adsorp-
tion process is accompanied by pronounced local
reconstructions of the top two Ru layers. The Ru—O bond
lengths turned out to be 2.03 À in both phases. Using
either high 02 exposures or applying N02 exposures as a

source of atomic oxygen, one can bring even more oxygen
on the surface transforming the (2 x 1)—O into a

(2 x 2)-30 and eventually into a (1 x l)-0 phase [93].
Only when this (1 x 1)—O phase is completed, oxygen

Ru(0001)-(lxl)-O

^^^^^^^^ 1LEED

Fig. 15. The atomic geometry of the Ru(0001)—(1 x 1)—O surface
[93]. Oxygen atoms reside in hep sites and induce a quite strong
expansion of the topmost Ru layer spacing by 3.5%.

incorporation into the subsurface region sets in, maintain-
ing a (1 x 1)—O overlayer on the surface. For the pure
(1 x 1)—O overlayer phase (without subsurface oxygen)
the Ru—O bond length turned out to be 2.00 Ä which is
slightly shorter than that found in the (2 x 2)—O and
(2 x 1)—O phases. The most apparent structural feature of
the Ru(0001)-(I x l)-0 surface [93] is the marked ex-

pansion of the topmost Ru layer spacing by 3.5% (cf.
Fig. 15). It was argued that this expansion is required to
allow for O penetration into the subsurface region [93].
For all these overlayer phases DFT calculations were per-
formed. The Ru—O binding energies (with respect to the
molecular oxygen) are compiled in Fig. 16. Clearly, the
Ru-O binding energy drops by about 0.8 eV when going
from the (2 x 2) to the (1 x 1) overlayer which is indica-
tive of a net repulsion between the O atoms on the sur-
face. Yet both DFT calculations and LEED simulations
show that the Ru—O bond lengths become slightly shorter
when going from the low to the high coverage O phase. A
possible interpretation will be given after presenting the
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Ru(1010)-(2xl)p2mg-2O
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Fig. 16. The 0-Ru bonding energy of hcp-0 and fcc-0 as a function
of the O coverage with respect to the half binding energy of 02 [93].
hcp-0 is always preferred over fcc-O, although the difference
amounts to only 30 meV in the high-coverage (lxl) phase.

structural results of the oxygen adsorption on the
Ru(10T0) surface. DFT calculations of the Ru(0001)-
(1 x 1)—O phase also indicated an expansion of the top-
most Ru layer spacing, demonstrating that this expansion
is of purely electronic origin and is not due to subsurface
oxygen.

Oxygen adsorption onto Ru(10Ï0) leads to the forma-
tion of two ordered overlayers, i.e., a c(2 x 4)—20 and a

(2 x 1 )pg—20 phase, which were analyzed by low-energy
electron diffraction [94]. The structural parameters are

summarized in Figs. 17 and 18. In both phases oxygen
occupies the threefold coordinated hep site along the den-
sely packed rows on an otherwise unreconstructed surface,
i.e., the O atoms are attached to two atoms in the fust Ru
layer (Ru(l)) and to one Ru atom in the second layer
(Ru(2)). Obviously, oxygen prefers to bind to the low-co-
ordinated Ru atoms of the topmost layer. This finding may

Ru(10Ï0)-c(2x4)-2O
0.01+0.03Â 0.0510.06Â

0.03 ± 0.03Â
1 1.02+0.02Â

:0.75±0.04Â
1.54±0.02Â
0.75±0.04Ä
1.5624Â
0.7812Â

Fig. 17. The atomic geometry of the Ru(1010)-c(2 x 4)-20 surface
[94]. Oxygen atoms reside in hep sites on the Hanks of the trenches,
i.e.. O atoms are attached to two atoms in the top Ru layers (Ru(l))
and one Ru in the second Ru layer (Ru(2)). Within the troughs, the
0—0 interaction is attractive indicated by the zigzag chains. The
zigzag chains are separated by empty channels. This ensures that
Ru atoms in the topmost layer are not shared by more than one O
atom. The Ru-O bond lengths are d(0-Ru(l )) = 2.08 Ä and
d(0-Ru(2)) = 2.03 Ä.

(0.96±0.02)Â
0.81+0.01 Â
1.53±0.02)À0.7812Â

1.5624Â
0.7812Â

Fig. 18. The atomic geometry of the Ru(l()10)-(2 x l)pmg-20 sur-
face [94]. The main difference to the c(2 x 4)—20 phase is the occu-

pation of the empty troughs by oxygen. The oxygen atoms have
therefore to share Ru atoms in the top layers (Ru( 1 )) with other oxy-
gen atoms. The O-Ru bond lengths are (/(O-Ru(l)) = 2.01 Ä and
</(0-Ru(2)) = 2.03 À. The shortening of the O-Ru(l) upon O cov-

erage can be explained by local charge density arguments.

be rationalized in the following way. The local charge den-
sity of the low-coordinated Ru atoms Ru(l) is larger than
of high-coordinated Ru atoms Ru(2), since less charge
density has to be supplied to the internal bonds between
the Ru atoms (tight binding argument ]95]). Using now

effective medium theory arguments, which have been put
forward by N0rskov and coworkers [96]. the bonding be-
tween oxygen and Ru depends critically on the local
charge density offered by the substrate: The more local
charge density is available, the longer the O-Ru bond
length. This aspect of the Ru—O bonding is disclosed by
the structure of the Ru(10Ï0)-c(2 x 4)-20 overlayer.
The bond length of O to Ru(l) with 2.08 Ä is substan-
tially longer than that between O and Ru(2) (2.03 Â).

The next apparent structural characteristics of these O
phases is the formation of zigzag chains along the troughs.
Both LEED and HREELS measurements give evidence
that even at low O coverages these chains are preferen-
tially formed. This means that the interaction between the
oxygen atoms along the zigzag chains is attractive. Albeit
this attractive interaction, oxygen does not like to share
attached Ru atoms with other oxygen atoms. This attribute
becomes evident by the appearance of empty trough be-
tween the zigzag chains observed in the c(2 x 4)—20 sys-
tem (cf. Fig. 17). If, however, the O coverage is increased,
the empty troughs are filled up with the consequence that
oxygen atoms have now to share common Ru atoms in
the topmost layer. Accordingly, the local charge density
offered for each O atom is smaller, and again, using the
simple effective medium theory of bonding, this tells us

that the oxygen atoms have to come closer to the surface
to experience the same (optimum) local charge density as

in the c(2 x 4)—20 phase. In fact, this aspect has been
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Ru(lOlO) surface
LEED analyses:
c(2x4)-20 Ru(l)-0: 2.08±0.04À

Ru(2)-0: 2.0310.04Â
DFT calculations:
Ru-O bond: 2.79 eV

Ru(l)
(2xl)-20

Ru(2)

Ru(l)-0: 2.01±0.05A
Ru(2)-0: 2.0310.05À
DFT calculations:
Ru-0 bond: 2.59 eV

Fig. 19. A comparison of the local O—Ru bond configurations of
Ru(1010)-c(2 x 4)-20 surface and Ru(1010)-(2 x l)pmg-20 sur-

face.

identified by a LEED analysis in that the bond lengths of
O to Ru(l) changes from 2.08 Ä to 2.01 Ä when going
from the c(2 x 4)-20 to the (2 x l)-20 phase. The
bonding between the oxygen atom and the Ru(2) atom

directly underneath is not affected by the presence of addi-
tional oxygen on the surface, as reflected by the un-

changed bond length of 2.03 À. These findings (summar-
ized in Fig. 19) cannot be easily reconciled with simple
arguments adopted from coordination chemistry since
there the bond length is strictly related to the bond
strength: The weaker the bonding the longer the respective
bond length. Total-energy calculations show that the bind-
ing energy of oxygen is reduced by about 0.26 eV when
two oxygen atoms have to share one Ru atom in the top-
most layer. Accordingly, the O—Ru(l) and O—Ru(2) bond
lengths should increase which, however, is not observed
experimentally. It seems therefore that the shortening of
the Ru(l)—O bond length with O coverage is a conse-

quence of the competition for electron charge density.

3.5 O and Cs coadsorbed on the Ru(0001) surface

The interaction of Cs with oxygen is dictated by the che-
mical reactivity of these two species in forming various
oxides. Therefore, when both Cs and O are brought on the
Ru(0001) surface, one could anticipate to find Cs—O ele-
ments reminiscent of a Cs oxide structure. The complex
Cs—O chemistry on the Ru(0001) surface manifests itself
in a complex phase diagram as .demonstrated in Fig. 20.
The coadsorption of Cs and O leads to various ordered
overlayer structures; for a comprehensive discussion of the
geometric structures the reader is referred to Bludau et al.
[97].

We start with a horizontal cut through the qualitative
Cs—O phase diagram at a Cs coverage of 0.33. The or-

dered Cs/Ru(0001)-(\/3 x \/3)R30° structure transforms
into a new incommensurate superstructure already by dos-
ing small amounts of oxygen (0.05 L). This demonstrates
a strong interaction between oxygen and the Cs adsorbate
layer. Oxygen exposures between 0.3 and 0.9 L and
subsequent annealing to 350 K give rise to a reappearance
of the (\/3 x \/3) R30° structure exhibiting a Cs:0 stoi-
chiometry of 1:1. A respective LEED structure analysis
1981 has provided a model in which Cs and O atoms are
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Fig. 20. Experimentally derived phase diagram for cesium and subse-
quently adsorbed oxygen on the Ru(0001) surface for T = 310K
(only for the preparation of the (\/3 x y/3) R30° structure annealing
to 350 K was required to obtain sufficient long-range order) [97].

Ru(0001)-(V3xV3)R30°-Cs+O

1.52+0 3.04±0.07A

Fig. 21. Side and top view of the (%/3 x \/5) R30° structure on

Ru(OOOl). Both Cs and O reside in hep sites [98]. The Cs radius is
2.1 À, the O radius is 0.8 Â.

located in hep sites with respect to the Ru(OOOl) substrate
lattice; structural parameters are summarized in Fig. 21.
The chess board pattern of consecutive Cs and oxygen
atoms reminds one of a 'salt-like' structure which allows
the greatest number of oppositely charged 'ions' to touch
without requiring any squeezing together of 'ions' with
the same charge. Compared to the structures of the respec-
tive pure adsorbate phases, the O—Ru and Cs—Ru bond
lengths are modified in a way that is consistent with a net
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7.28 A

(3x2V3)rect
Cs-O/Ru(0001) Cs02-bulk

® ®
Fig. 22. A comparison of the real space model for the (3x2 \/3)
rect. structure (a) with the (010) surface of Cs02 (b). The common
structural elements in (a) and (b) are the Cs—O—O—Cs chains which are

zigzag like in the (3 x2v/3) rect. phase and linear in CsO2(010) [97].

transfer of electronic charge from Cs to O: The oxygen
hard-sphere radius increases by 0.12 À, and the effective
Cs radius decreases from 2.2 Ä [99] in the clean Cs/
Ru(OOOl) phase to 2.1 Ä with the coadsorbate phase [98].

Further exposure of 02 to the (\/3 x \ß) R30°-
Cs + O overlayer leads to the development of a

(3 x 2 \/3)-rect. structure at (90 = 0.68, yielding a stoi-
chiometry Cs : O = 1:2. Both the appearance of a glide-
plane symmetry and the dominance of certain LEED
beams in the LEED pattern give evidence for a model ex-

hibiting distinctive Cs—O—O—Cs zigzag chains. The in-
teratomic Cs spacing in these chains (7.2 A) agrees well
with that found in crystalline Cs02 (7.28 A) (Fig. 22);
note that the stoichiometry in the (010) surface of Cs02 is
also Cs : O = 1:2. The higher density of Cs atoms in the
(3x2 \/3)-rect. structure (0.052 atoms/Ä2) compared to
that in the (010) surface of Cs02 bulk (0.044 atoms/À2)
causes appreciable stress in the Cs—O overlayer which is
presumably relieved by the formation of zigzag instead of
linear Cs—O—O—Cs chains.

a/7-"Cs02"-/CsO
structure

2 -(OlO)-crystal-plane

7.28 A

®
Fig. 23. Structure model for Ru(0001)-(\/7 X \/f) R19.1°-Cs-0
(a) in comparison with the (010) surface of Cs02 bulk material (b)
[97].

If this simple picture holds, one would expect to find
linear Cs—O—O—Cs chains when reducing the Cs density
at the Ru(OOOl) to about 0.044 atoms/Â2, which is equiva-
lent to a Cs coverage of 0.28. Saturating such a Cs pre-
covered Ru(0001 ) with oxygen leads to the formation of a

(\/7 x \/ï)R\9A° structure again with Cs:0 stoichiome-
try of 1 :2. A promising structure model [97] is depicted
in Fig. 23, which is brought face to face with the (010)
surface of Cs02. As speculated before, the structural ele-
ment now is a linear Cs—O—O—Cs chain whose appear-
ance is a compromise of attaining a Cs—O bond length
comparable to Cs02 and the interaction of the Cs—O com-

plex with the underlying substrate surface. The Cs density
in this \Jl structure (0.045 atoms/Ä") is almost the same
as in the (010) plane of Cs02 so that in the Cs—O over-

layer only the corrugation of the substrate surface exerts
stress which is uniaxially relieved: Cs—O chains 2 and 3
(Fig. 23) are parallel-shifted by 3.6 À (half length of the
\/l periodicity) and compressed more tightly in the direc-
tion perpendicular to the chains.

An eye-catching feature of the phase diagram (Fig. 20)
is the existence of the (v7 x R19.1° structure over a

wide range of Cs coverages, while the respective optimum
oxygen coverage is determined by the stoichiometry of
two oxygen atoms per Cs atom. The presence of the
(y// x R19.1 ° LEED pattern down to coverages as
low as 60% of the nominal Cs coverage demonstrates is-
land growth and underlines the strong tendency of Cs and
O to build up a Cs02 surface species. Upon raising the
sample temperature, these (\/7 x \/7)R19.1° islands dis-
solve as observed in LEED by the transformation of a

(\/ï x \/7)R\9.\° pattern into a ring-like pattern inter-
secting the nominal \/l spots [100]. The ring-like LEED
pattern indicates that the s/l distance is still abundant, and
since Cs is a much stronger scatterer than oxygen, this
might be attributed to the persistence of Cs—O—O—Cs
clusters while losing the azimuthal order of these clusters.
As discussed before, even for Cs coverages higher than
the density of the Cs02 bulk (010) plane, the Cs—O over-

layer forms a (3x2 \/3) rect. lattice, exhibiting
Cs—O—O—Cs zigzag chains instead of linear chains.

In summary, these findings provide compelling evi-
dence for the formation of two-dimensional Cs oxides
with a stoichiometry of two oxygen atoms per Cs atom.
The commensurability of the \fï and the (3x2 rect.

phase reflects the influence of the corrugation potential of
the substrate on the formation of these structures.

3.6 CO and Cs coadsorbed on the Ru(0001) surface

We will start the discussion with a few remarks on the
system Cs/Ru(0001) which reveals several general features
common to alkali metal adsorption on metal surfaces; a

review of structural properties of the alkali metal adsorp-
tion on Ru(OOOl) can be found in Ref. [101]. The bonding
between Cs and the Ru(0001) substrate works mainly
through a charge transfer of the loosely bound Cs—6s
electron to the substrate, resulting in a work function
change shown in Fig. 24 [102], At the beginning of Cs
deposition the work function decreases linearly with cov-

erage, i.e., the electric dipole moment formed by the ad-
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Cs/Ru(0001)
after Hrbek [37]

0.0 0.2 0.4
Cs-coverage 9

Fig. 24. The change in work function depending on the coverage of
Cs adsorbed on Ru(OOOl) [102].

Cs-(2x2) on top

Fig. 25. Structure model for the Ru(0001)-(2 x 2)-Cs surface. Cs
atoms sit in on-top positions and induce an inward displacement of
the attached Ru atoms in the top Ru layer by 0.10 À [99].

Ru(0001)-(2x2)-Cs+lCO

CO hep

1.1510.13A
1.48±0.04A
2.18±0.(>4A

3.12+0.04A

,A(U8±0.04A

Fig. 26. The atomic geometry of the coadsorbate phase
Ru(0001)-(2 x 2)-Cs-CO [40]. Cs atoms remain in on-top posi-
tions, while the CO molecules reside in hep positions. CO molecules
change the adsorption site from on-top (clean Ru(0001)) to threefold
hollow sites on purely electronic grounds.

sorbate complex is independent of the coverage. With in-
creasing coverage the mutual depolarization of the dipoles
gives rise to the nonlinear variation of the work function
A0 with coverage, indicating a transition of the adsorbed
particles from an 'ionic' to a more 'metallic' state. In the
depolarization regime the back flow of charge from the
substrate (together with a decrease of the dipole moment)
is accompanied by a decrease of the adsorption energy
with coverage. Around a Cs coverage of 6 = 0.25, which
is characterized by the formation of the (2 x 2) structure
observed in LEED, A0 reaches a minimum, followed by

a continuous increase until saturation near the value for
the bulk Cs is reached. The enhanced singlet-triplet con-
version of metastable He* atoms found in MDS measure-
ments for the (2 x 2)—Cs structure compared to lower
coverages was interpreted in terms of a metallization of
this overlayer [103] consistent with the interpretation of
corresponding HREELS measurements [104]. The struc-
ture of the Ru(0001)-(2 x 2)-Cs phase (cf. Fig. 25) is
defined by Cs atoms sitting in terminal positions and dis-
placing the attached Ru inwards by about 0.1 A.

Exposing this (2 x 2)—Cs surface to CO leads to the
development of a mixed Cs + CO phase with (2 x 2)
symmetry. A recent LEED analysis of this coadsorbate
system [105] revealed that the Cs atoms remain in on-top
position, while CO switches from on-top (clean Ru(0001)
surface) to a threefold coordinated hep site (Cs precovered
surface). The corresponding structure is depicted in
Fig. 26. The site change of CO can be explained if one

recalls that high-coordination sites facilitate back donation,
while on-top occupation favors the mechanism of a dona-
tion. Hence, the actual adsorption site of CO will be the
result of a delicate balance between both contributions
determining the energetically lowest adsorption geometry.
Furthermore, it is known from theoretical studies of re-
lated alkali-metal/metal systems that the adsorption energy
difference for Cs at different adsorption sites is only very
small (about 20 meV) [106]. Therefore, the total energy of
the mixed (CO + Cs) system is essentially governed by
the adsorption energy of CO. The presence of coadsorbed
alkali-metal atoms improves the capability of back dona-
tion, due to the enhanced electron charge density at the
surface, and hence forces CO to change its adsorption site
from on top to high-coordination positions. Recall that the
overlap of CO 2jz* orbitals with metal d„ orbitals works
best in high-coordinated adsorption sites, while the over-

lap between CO—5ct and metal d(J orbitals is maximized
for on-top adsorption (cf. Fig. 27). Another aspect of the
bonding geometry of (Ru(OOOl)—(2 x 2)—Cs + CO) is

CO/Ru(0001 )-(V3xV3)R30°
CO on-top:o-bonding

charge-transfer:
CO ===> Ru

AM/CO/Ru(0001)-(2x2): CO hep
CO hollow-site 2rt-backbondin£

charge-transfer:
Ru ===> CO

Fig. 27. The overlap of the frontier orbitals of CO with substrate or-

bitals assuming on-top and hep adsorption.
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the enhanced Cs-induced buckling (0.18 Â) found in the
topmost Ru layer when compared to the clean (2 x 2)—Cs
(0.10 A) surface. This effect can be traced back to the
additional bonding of the remaining three Ru atoms in the
(2 x 2) unit cell to the CO molecules, which in tum weak-
ens the Ru—Ru bonding to the single Ru atom beneath
the Cs atom and hence allows for an enhanced rumpling
of the topmost Ru layer.

The direct interaction between Cs and CO is very
weak, as demonstrated by the inhibition of CO chemisorp-
tion on multilayers of Cs on Ru(0001) for temperatures
above 100 K. A multilayer Cs film essentially offers elec-
tron charge density with a symmetry which allows for a a

bonding of CO to the surface but not for a tight back
bonding. However, when Cs and CO are brought together
onto a Ru(0001) surface, they interact strongly with each
other, as evidenced by the effect of thermal stabilization of
each adsorbate. The thermodesorption spectra (cf. Fig. 28)
of singly adsorbed Cs and CO in comparison with the
mixed Cs + CO phase show that both species are ther-
mally stabilized as indicated by the coincident desorption
of both species at about 700 K. According to the discus-
sion of the adsorption geometry of the Cs + CO phase,
this thermal stabilization is attributed to a substrate-
mediated interaction between these species: The alkali me-
tal over-layer enriches the surface with electron charge
density that the CO molecule in turn uses to establish a

stronger back bonding to the Ru(0001) surface. This
would explain why CO is more strongly bound to the sub-
strate. But Cs atoms are also more strongly bound to the
Ru(0001) surface since this mediated charge transfer from
Cs to CO re-ionizes the Cs atom which in turn strengthens
the bond of Cs to the substrate, according to the simple
Langmuir-Gurney model.

CO

D

TDS Cs/Ru(0001),CtVRu(0001)
COJ

9CO=0.54

a)

400 800 1200
Temperature (K)

Fig. 28. Thermal desorption spectra of the systems: (a)
Ru(0001)-CO: saturation of CO at 300 K and Ru(0001)-
(2 x 2)-Cs; (b) Ru(0001)-(2 x 2)-Cs-CO [107]. Upon coadsorp-
tion, both Cs and CO are stabilized. The coincident desorption fea-
ture of Cs and CO at 650 K is indicative of an auto-catalytic desorp-
tion process.

The substrate mediated charge transfer from Cs to CO
is supported by recent HREELS measurements which re-
vealed that the C—O stretch frequency is reduced substan-
tially from 252 meV for clean Ru(0001) surface to
203 meV for the (2 x 2)-Cs precovered Ru(0001) surface
[104] consistent with an increased back donation into the
anti-bonding CO lit orbital. The re-ionization of the Cs
overlayer has also been evidenced by HREELS by moni-
toring the Cs against substrate vibration. For small Cs cov-

erages, this vibration showed up in HREEL spectra at
about 8 meV. This vibrational loss, however, disappeared
for Cs coverages beyond 0.25, due to the metallization of
the Cs layer which efficiently screens the dipole excita-
tion. If CO is coadsorbed into such a metallic (2 x 2)—Cs
overlayer, the Cs—Ru vibration reappears [104], which is
in line with the interpretation of a re-ionized or demetal-
lized Cs overlayer. The demetallization of the Cs overlayer
upon CO coadsorption was also seen by the deexcitation
spectroscopy of metastable He atoms [103b].

The preceding discussion would only explain the stabi-
lization of Cs—CO dimers. Actually, it has been observed
that Cs and CO are able to form 2 x 2-(Cs + CO) is-
lands on Ru(0001) down to Cs coverages of 0.05 [107].
These indicates a rather strong attractive interaction be-
tween Cs and CO which might be attributed to the gain in
Madelung energy as proposed for the case of
K + CO-Ni(100) [108, 109]. The gain in Madelung en-

ergy originates from the electrostatic attraction of oppo-
sitely charged particles (Cs+rt and CO~d) and the im-
proved screening of the dipole-dipole repulsion between
the Cs+(i ions by immersed CO~r> ions. The observed cri-
tical Cs coverage of 0.05 was rationalized by a Born-Ha-
ber cycle [110]. It is well-documented that the adsorption
energy of alkali-metals (AMs) dramatically changes with
coverage due to the operation of dipole-dipole repulsion
among the AM atoms on the surface as observed in TDS;
recall that the main effect is not related to the direct di-
pole-dipole repulsion but rather to the depolarization
which is accompanied by a weakening of the AM to sub-
strate bonding via charge back donation [107]. To form
(2 x 2)—Cs + CO islands, the Cs atoms have to be
brought together into a (2 x 2) network. If the Cs cover-

age is below 0.25 the hypothetical islanding costs energy
and this the more the smaller the Cs coverage is (the en-

ergy difference can easily amount to several eV). This en-

ergy cost is counterbalanced by the energy gain which is
achieved by coadsorbing CO molecules into the Cs-
(2 x 2) lattice instead of into the dispersed Cs-phase. The
energy gain constitutes the improved binding of the CO
molecules to the Ru substrate (through improved back-
donation into the 2ti molecular orbital), the (2 x 2) ar-

ranged Cs atoms get more strongly ionized due to the
charge flow from the Cs to the CO molecule thus
strengthening also their bonding to the substrate, and last
the electrostatic attraction between the partially ionized
Cs atoms and CO molecules. The energy gain is indepen-
dent of the particular Cs coverage as long as the Cs:CO
stoichiometry is fixed in the islands. However, the energy
cost for bringing the Cs atoms together increases with
decreasing Cs coverage so that below a critical Cs cove-

rage the energy cost might dominate prohibiting the for-
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mation of (2 x 2)—Cs + CO islands on energetic
grounds. In our case this critical Cs coverage turned out
to be 0.05.

3.7 The ternary system consisting of O, Cs,
and CO coadsorbed on Ru(0001)

To the best of our knowledge, this is the first report of a

ternary coadsorption system whose structure has been de-
termined by a surface crystallographic method. The tern-
ary Cs + O + CO system can be considered as a model
system for the Cs promoted CO oxidation reaction over

Ru(OOOl) which was also the motivation for us to study
this ternary system. Special emphasis has been put on the
atomic geometry and how structural parameters change,
when the three species, i.e., Cs, CO, and O, are brought
together. One of the main difficulties to study the ternary
C + CO + O system on Ru(0001) by using the LEED
technique is the preparation of an ordered overlayer. In
doing so, we started with a (2 x 2)—O structure on

Ru(0001). At the NBL, Brookhaven [111], and also in
preliminary experiments at the FHI [112], the (2 x 2) sur-

face symmetry was shown to persist upon Cs and CO co-

deposition. Onto this (2 x 2)—O overlayer we adsorb
'/4 ML Cs, which results in a (2 x 2)-0 + Cs structure
on Ru(0001). It should be noted that the (2 x 2)-0 + Cs
surface is (meta)stable up to 700 K and can only be pre-
pared, when oxygen is adsorbed first. The atomic geome-
try of the (2 x 2)—O + Cs structure is shown in Fig. 29
[112]. Cesium sits in on-top position, while oxygen stays
in the hep threefold hollow position. The O—Ru bond
length is slightly longer than on clean Ru(0001): While on

the clean Ru(0001) surface the O—Ru bond length
amounts to 2.03 A, the O—Ru bond length in the
(2 x 2)—O + Cs overlayer is about 2.06 A. Connecting
the longer Ru—O bond length with a weaker bond
strength of oxygen to the substrate one might speculate
that an impinging CO molecule can better recombine with
such an O species to form C02 than with O on the clean
Ru(OOOl) surface. For impinging CO molecules this bin-

(2x2)-0 + Cs

Fig. 29. The atomic geometry of Ru(000i)-(2 x 2)-0-Cs. Cs
atoms sit in on-top positions, while oxygen atoms reside in hep sites.
Due to Cs adsorption the Ru—O bond weakens as indicated by the
change in the Ru-0 bond length from 2.03 Ä (clean Ru(0001)) to
2.06 Â.

(2x2)-0 + CO + Cs

Fig. 30. The atomic geometry of the ternary phase Ru(0001)—
(2 x 2)—O—Cs—CO. The O—Ru bond weakens even further upon
CO coadsorption. The O-Ru bond length is 2.13 À compared to
(2.03 Ä (clean Ru(OOOl) and 2.06 À (Ru(0()()l)-(2 x 2)-0-Cs).

ary (2 x 2)—Cs + O overlayer offers two essentially dif-
ferent adsorption sites. In one adsorption site, CO mole-
cules can bind directly to the Ru(0001) substrate and are

attached to three Cs atoms. The other adsorption site
would create a configuration where CO sits directly above
an oxygen atom surrounded by three Cs atoms. This latter
configuration would mimic an 'reaction intermediate' for
the actual oxidation reaction since the O—CO complex
has already the linear configuration of C02. A recent
LEED study disclosed that an ordered ternary Cs + CO + O
phase with (2 x 2) symmetry can indeed be prepared and
that the CO molecules are sitting exclusively in those sites
where no O atom is underneath. The structural characteris-
tics of this system are summarized in Fig. 30. The O—Ru
layer spacing with 1.45 A is substantially larger than on

the clean Ru(0001) surface resulting in a O—Ru bonding
of 2.13 A which is also markedly longer than 2.03 Ä as
found on the clean Ru(OOOl). A second point of interest is
that the C—O bond length turned out to be 1.22 A, i.e.
the C—O bond is elongated by 0.09 À with respect to
C—O on the clean Ru(0001) surface. Both changes in
bond lengths are consistent with an enhanced activity of
the Cs + O + CO surface to form C02.

3.8 Beyond the molecular chemisorption
of CO on transition metal surfaces

In this section we are concentrating on the local adsorp-
tion geometries of molecules which are bigger than CO
and NO, such as benzene (pure and with electronegative
coadsorbates) ethylene, and ethylidyene. All of these sys-
tems have been successfully analyzed by LEED. The
study of the coadsorption of benzene C(lH6 with electrone-
gative molecules and atoms started with the intention to

explore the atomic geometry of pure benzene layers. It
was recognized on various transition metal surfaces that
adsorption of pure benzene does not lead to ordering,
while the addition of CO does actuate the formation of
stable ordered superlattices of benzene. Adsorbed benzene
is regarded as a prototypical adsorption system of organic
molecules, since it is quite resistant against electron
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bombardment and therefore particularly applicable for
LEED. Accordingly this specific molecule has received
much attention over the past 15 years in surface science
applying the host of surface sensitive techniques.

The internal bonding of benzene is described within
the extended Hiickel theory. Carbon hybridizes in a sp
configuration forming a a-bond to the attached H atom
and two a-bonds to the neighboring C atoms. The remain-
ing half-filled pz orbitals of carbon (z is defined to be
perpendicular to the plane defined by the 6 C atoms in the
benzene molecule) delocalizes into a jr-system, which
makes the bond order between the C atoms homoge-
neously to be 1.5. Adopted from coordination chemistry,
the bonding of benzene to transition metal surfaces can be
understood by the d-jr interaction. The benzene-metal
bonding proceeds via the system of delocalized pz-elec-
trons of benzene by interacting with (and donating elec-
tron density to) the d-bands of the substrate. In doing so
the benzene molecule may loose partly its aromatic char-
acter, i.e., the delocalized character of the jr-system di-
minishes and the consecutive C—C bonds have bond or-
ders alternating now from 1 to 2. The C—C bond lengths
should therefore be alternating between short and long.
This kind of modification of the benzene molecule is
called Kekulé distortion. One could anticipate to identify
this chemisorption-induced distortions of the benzene mo-
lecule with surface crystallographic methods.

Spectroscopic and crystallographic investigations agree
that the benzene molecule lies flat on close-packed transi-
tion metal surfaces [113, 114]. There is experimental evi-
dence that the internal benzene structure varies from al-
most undistorted configuration (C6v symmetry) to distorted
configurations with C3v symmetry. Spectroscopic studies,
such as HREELS and ARUPS suggest essentially undis-
torted benzene molecules on close-packed transition metal
surfaces [115-118]. Structural results of the benzene over-

layers on/cc(lll) and /?c/?(0001 ) surfaces are compiled in
Table 4 and the possible high-symmetry adsorption sites
for benzene molecules are illustrated in Fig. 31. Fre-
quently, the adsorption of benzene molecules has been re-

Fig. 31. Possible adsorption sites of benzene C,,Hh on (111) surfaces
of transition metal surfaces.

ported to be centered above the threefold coordinated sites
although for some systems also the bridge site has been
identified.

The system benzene on Ni(l 11) reveals a quite interest-
ing feature in that the adsorption site changes from bridge
to hep sites and the azimuthal orientation of the molecule
changes by 30° [119] when increasing the coverage from
0.10 to 0.14 [120]; the latter adsoiption site was also iden-
tified with LEED [ 1211. The change in adsorption site was
attributed to a steric effect by using the van der Waals
radius of benzene. Benzene on Ni(lll) is rather planar
which is indicative of a smaller loss of molecular ^-char-
acter. This is also in line with the quite small value of A0
of benzene on Ni(lll), which implies a smaller net jc
transfer to the surface. The apparent alternation of C—C
bond lengths (1.43 ± 0.15 À and 1.55 ± 0.15 À) is at the
limits of the LEED structural analysis, although this Ke-
kulé distortion would be in agreement with spectroscopic
observations of C3v symmetry for the adsorption complex
[119].

In a diffuse LEED study of the disordered C(,H6 over-

layer on Pt(lll) [122], the molecules were found to be
centered over bridge sites. A large inverted boat-like dis-
tortion was found to occur with C—C bond lengths of

Table 4. Adsorption geometries of benzene, indicating the average carbon ring radius, the C—C bond lengths, metal-carbon distances, and the
adsoiption sites of C(,H(v

Adsoiption system [reference] C(, radius D(C-C)/A d(M-C)/Ä adsite

Pd(l 11)-(3 x 3)-C,,H6 + 2CO [126[

Rh( 1 I 1 )-(3 x 3)-C,,H,, + 2CO [126]
Rh( 1 11 )-c(2 v/3 x 4) rect-Q,H6 + CO [125]

PK 111)-(2 s/3 x4) rect-2C(,H(, + 4CO [122. 125]
Ru(0001)-(3 x 3)-C„H6 + 20 [133]
Ru(0001 )-(3 x 3)-Q,H6 + 2NO [133]
Ru(000l)-(/7 x v/7)R19.2°-C6H(, [124]
Ni(l 11)-Q,H(, diffuse, 0 = 0.10 [120]

Ni(Ill)-(v/7x s/l) R19.2°-Q,H(, [120, 121]

1.39 A

1.44 Ä

1.65 A

1.72 Ä

1.39 Ä

1.32 Â
1.44 À
1.43 Ä

1.43 A

1.43 A

1.40 ±0.15
1.40 ±0.15
1.50 ±0.15
1.37 ±0.15
1.81 ±0.15
1.33 ±0.15
1.76 ±0.15
1.65 ±0.15
1.38 ±0.08
1.40 ±0.08
1.32 ±0.11
1.44 ±0.11
1.41 ±0.10
1.46 ±0.10
1.40 ±0.10
1.44 ±0.10
1.40 ±0.10
1.46 ±0.10

2.15 ± 0.05

2.07 ± 0.05

2.35 ± 0.05

2.25 ± 0.05

2.22 ±0.10

2.23 ± 0.15

2.17 ± 0.05

1.91 ±0.07

1.92 ±0.05

fee
C3v(Od)
hep
C3v(o-d)
hep
C3v(<7d)
bridge
C2v'
hep
C3v(ffv)
hep
C3v(ffd)
hep
C3v(ctv)
bridae
C2v'
hep
c3v(C7d)
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1.45 ±0.10 À and 1.63 ± 0.10Â. These distortions con-

flict with a previous NEXAFS study, which indicated
equal bond lengths of 1.40 ± 0.02 Â [122, 123]. A C-C
bond length of 1.63 A is not very realistic since the C—C
single bond length in organic molecules is about 1.54 À.

On Ru(0001). C6H(l was found to be adsorbed on hep
sites in C3vtfv) orientation, with only small distortions
from the free benzene molecule [124]. The orientation of
the benzene molecules on Ru(0001) is C3v(crv) while on

Ni(lll) the bond orientation is C3v(ad) [i21J. The C-C
bond lengths alternates between 1.45 Â and 1.41 Ä within
the adsorbed molecule. Since Ru has a high density of
empty states close to the Fermi level due to its electron
structure (4t/6), one would expect the strongest effect on

the internal benzene structure among the Ad metals for
ruthenium. Therefore Stellwag and coworkers interpreted
the distortions found for Ru(0001) as an upper limit for
distortions to be expected on other Ad metal surfaces. The
found crown-like distortion of benzene on Ru(0001) was

explained in terms of a loss of molecular n character, by
ji transfer to the surface, thus becoming closer to the con-

figuration of cyclohexane.
Next we will be discussing the local adsorption geome-

try of benzene in the presence of coadsorbing electronega-
tive molecules and atoms such as CO, NO, and O. Since
the benzene molecule acts as a moderate donor, the addi-
tion of atoms and molecules serving as electron acceptors
are able to stabilize and to order benzene overlayers.

By coadsorbing CO the benzene molecule rotates by
30° as found with Pt(l 11) [125]. In the (3 x 3)-benzene +
NO overlayer on Ni(lll) the benzene molecules are azi-
muthally reoriented due to minimizing the repulsive inter-
actions in the densely packed overlayer as shown by AR-
UPS [119]. For CO±C6H6 on Pt(lll), benzene
molecules are centered above the bridge site as in the pure
phase. The C—C bond length within the molecule was
found to be 1.65 ±0.15 À and 1.76 ±0.15 A. Both va-

lues seem again to be too large to be reasonable if com-

pared to the C—C single bond length of 1.54 A.
On Pd(lll) and Rh(lll) the geometric structures of

benzene + CO overlayers have been determined by LEED
[126]. On Pd(lll). the benzene and CO molecules were

all found to be centered on fcc-hollow sites, while on

Rh(l 11) they were all centered on hep-hollow sites. There
are no chemisorption induced Kekulé distortions detected
on the Pd(lll) surface, while on Rh(lll) small
(1.37 ± 0.15 Ä) and long (1.50 ± 0.15 À) C-C bonds
were found. The C—Pd bond length is larger than the
C—Rh bond length and the distortions induced by ben-
zene adsorption are smaller on Pd(l 11) than on Rh(l 11).
Both findings suggest a weaker benzene-Pd than benzene-
Rh bond. This structural differences may be correlated
with reactive properties. Acetylene reacts on Pd( 111) to

produce benzene [127, 128] while Rh(lll) does not. One
may argue [126] that the less strongly bonded and less
distorted benzene on Pd(lll) can desorb intact, while the
same species on Rh(lll) would more likely dissociate.
The observed relaxations of the metal surfaces have been
explained in terms of the charge transfer from CO to ben-
zene. Charge donation to the substrate induces an outward
expansion of the substrate, while a charge acceptance from

the substrate might induce an inward contraction of the
substrate. Adsorbate induced reconstructions on the
Ru(OOOl) surface were discussed recently by Menzel [129]
who showed that such a simple correlation is questionable.

The adsorption site of C6H6 changes from bridge to
hollow site on Rh( 111) upon coadsorption of CO, presum-
ably for steric reasons [126]. And conversely, benzene
changes the adsorption site of CO towards higher coordi-
nation on Rh(lll) similar to the case of K + CO on

Rh(lll) [130]. The reason might be that the high coordi-
nation site allows the CO molecules to easier accept elec-
tron density from the substrate [107], This view is sup-
ported by the fact that C—O bond length elongates on

coadsoiption with hydrocarbons such as benzene. For
Pd(lll) and Pt(lll) CO adsorbs already in hollow sites
on the clean surface [131, 132], so that upon coadsorption
of benzene this site will be maintained and be even stabi-
lized. According to a LEED study, the coadsorbed C6H6
molecule suffers from a strong Kekulé distortion (which
might be even present without CO) which depends on the
Q,Hft : CO stoichiometry at the surface. For a ratio of 1:2
the short/long C-C bonds are 1.46 A/1.58 À and for a

1:1 mix it is 1.33 A/1.81 A. Here again the latter value of
the long bond seemed to be too long, also if one com-

pares this value with those found in organometallic com-

plexes.
The coadsorption of O and NO with benzene on

Ru(OOOl) [133] indicated that O coadsorption does not

change the internal structure of the benzene within the
error bars, while NO coadsorption does modify the ben-
zene molecule significantly. The C—C bond lengths are

1.32 ± 0.11 Ä and 1.44 ± 0.11 A in the presence of NO
which signifies Kekulé distortions of the benzene mole-
cule (C—C single bond: 1.51 A. C—C double bond:
1.31 A). Due to steric repulsion between the H atom of
C6H6 and the NO molecule, the benzene molecule rotates
by about 20° to avoid overlapping of the van der Waals
radii.

From thermal desorption spectra of benzene it is clear
that coadsoiption of O and NO stabilizes the benzene
overlayer. Therefore it is somewhat surprising that the ben-
zene-substrate distance increases for both coadsorbates by
about 3%. This effect has already been recognized in the
AM + CO coadsoiption system and there it is explained
by the electrostatic interaction between electronegative and
electropositive species. One might expect the same effect
to be operative here.

An organic molecular fragment whose local structure
was determined by LEED is ethylidyne C2H3. Ethylidyne
is produced by thermal decomposition of ethylene C2H4
and has been shown to adsorb upright in fee and hep
threefold hollow sites, on Pt(lll) [134] and Rh(IIl)
[135], respectively (cf. Fig. 32). On both surfaces the ad-
sorption is accompanied by relatively strong displacements
of the substrate atoms. On Pt( 111 ) the three Pt atoms near-

est to the adsorbate site move upward in the first layer and
downward in the second layer, i.e., a local expansion of
the metal layer separation underneath the adsorbate oc-

curs. On Rh( 111) both the three Rh atoms attached to

C2H; and the second layer Rh atom directly underneath
are moving outwards. While the three C2H3 attached sub-
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Fig.32. Hollow site adsorption of ethylidyne C2H3 on Pt(lll) and
Rh(l 1 1).

strate atoms expand laterally for Rh(l 11), they contract for
Pt(lll). One might speculate that in this way C2H3 can
better form a bond to the second layer Rh atom. In es-

sence, carbon seems to like higher coordination on

Rh( 111) than on Pt( 111 ) which is perhaps related to the
fact that rhodium forms a carbide as opposed to platinum
which does not. On Pt(lll), ethylidyne is executing a

wagging vibration as identified with PhD for C2H3 on

Ni(lll) [136].
Last but not least the adsorption of acetylene C2H2 on

Pd(lll) was determined by using quantitative LEED and
photoelectron diffraction [137]. This particular system has
attracted much attention because of its ability to form a

benzene molecule by cycloaddition of three acetylene mo-
lecules [127, 128, 138]. The C2H2 molecules form a

(2 x 2) structure on Pd( 111) and the carbon atoms are lo-
cated almost over bridge sites with a C-C bond length of
1.34 ± 0.10 Â. The center of C7H-> is positioned over the
hep hollow site, as indicated in Fig. 33. The found C—C
bond length on Pd(lll) compared to the gas phase
( 1.25 Ä) indicates a moderate interaction of acetylene with
Pd(lll), which is strong enough to allow for the trimeri-
zation reaction before desorption but the bonding is weak
enough to prevent decomposition of C2H2. Both features
are important to render Pd(l 11) an exceptionally good cat-

alyst for producing benzene.

Fig. 33. Schematic diagram of the local geometry for C2H2 in an hep
hollow site.

3.9 Concluding remarks

The Cs + CO and O + CO systems are clear-cut examples
for the intimate relation between the electronic modifica-
tions at a surface and how the adsoiption geometry
changes. Cs coadsorption strengthens the back bonding of
CO to the metal substrate and forces CO to reside in high-
coordination sites. By contrast, the addition of oxygen
weakens the CO back bonding to the metal substrate so
that the CO adsoiption sites may change to on-top sites,
as found for instance with CO on Ni(l 11).

We have demonstrated that quantitative LEED provides
important information on the atomic geometry of complex
coadsorbate systems. This might be relevant for the study
of surface reactions as exemplified with the CO oxidation
reaction and the Cs promoted CO oxidation over

Ru(OOOl). We further showed that the adsorption geome-
tries of molecules bigger than CO can be determined by
using quantitative LEED.

IV. Structure of incommensurate overlayers
4.1 Introduction

The subject of this chapter will be the LEED analysis of
incommensurate structures and coherent overlayers. Coher-
ent overlayers can be described by a large surface unit cell
with the adatoms being located in inequivalent adsoiption
sites. For incommensurate structures, the translational
symmetry of the deposit + substrate system is lost, and it
is not possible to define a surface unit cell of finite size.
However, because of the limited resolution of a LEED
apparatus, a coincidence lattice with a large unit cell can-
not be distinguished from a true incommensurate structure.
Therefore, any incommensurate structure can, for a LEED
structure analysis, be modeled by a coincidence lattice.
The analysis of such structures is, however, quite time
consuming and cumbersome because of the size of the
unit cell so that it is not surprising that the LEED struc-
ture determination of incommensurate structures is still in
the very beginning. Recently, efficient approximation
schemes have been developed to calculate LEED IV
curves for evenly dispersed incommensurate adlayers with
small modulations [139]. They lead to a considerable re-
duction in computing time and will be discussed further
below.

The structure of incommensurate adsorbate layers is of
interest especially for the study of the initial growth of
ultra thin films. In the case of layer by layer growth, the
structure of a growing film is accessible by LEED if the
adsorbate film exhibits sufficient long-range order. A pre-
requisite for long-range order of the deposit films is that
the deposit grows epitaxially, i.e., that the orientations of
the deposit and the substrate are related to each other so

that a crystal plane of the deposit is parallel to the crystal
plane that forms the substrate surface, with particular di-
rections in the two planes being parallel [140]. Otherwise,
one would expect the formation of a polycrystalline film
with many inequivalent domains instead of the growth of
a well ordered adsorbate film.
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The application of quantitative LEED to the study of
thin film growth goes back to the pioneering studies per-
formed in Jona's group, focusing mainly on pseudo-
morphic growth [140]. In this case, below a critical thick-
ness the overlayer is constrained to match the substrate
lattice. Pseudomorphic systems are characterized by the
persistence of a (1 x 1) LEED pattern upon evaporation of
the first adsorbate layers. In the submonolayer range, the
LEED IV curves of the (1 x 1) beams begin to change if
compared with the data of the clean substrate. When the
first monolayer is completed, the IV data are characteristic
of an ordered overlayer structure. LEED IV calculations
can be easily performed due to the small size of the
(lxl) unit cell, in order to determine the atomic coordi-
nates of the deposit-substrate system. One of the first full
metal monolayers on metals investigated by quantitative
LEED was a Cd film grown pseudomorphically on

Ti(0001) [141].
With continuing deposition, for the case of layer-by

layer growth, the LEED IV data change gradually with the
number of layers. For adsorbate films of more than about
4... 8 layers, the IV curves become stable, and the influ-
ence of the substrate on the IV data is negligible due to
the small inelastic mean free path of the electrons. Under
these conditions it is possible to calculate LEED IV
curves using the (1 x 1) unit cell of the overlayer struc-
ture. In doing so, several ordered grown metal films have
been quantitatively analyzed by LEED. For the pseudo-
morphically grown four-layer Cd film on Ti(0001), for ex-

ample, the IV curves turned out to be very similar to that
of a Cd(0001) crystal [141]. A comprehensive overview of
structural and elastic properties of pseudomorphically
grown metal films can be found in Ref. 140.

Recently, the structure of ultra thin magnetic films was

extensively investigated by LEED. The investigation of
those systems

-

Fe on Cu [142], Co on Cu [143], and Ni
on Cu [144]

-

was spurred by their interesting magnetic
properties and by the prospect to stabilize configurations
which are not stable in the bulk (such as fee iron on

Cu(100) at room temperature [142]).
For pseudomorphic systems, in many cases order be-

comes worse with progressing film growth. Since the lat-
tice constants of substrate and adsorbate do not match per-
fectly, the pseudomorphic growth is accompanied by a

substrate-induced strain within the adlayers. If the film ex-

ceeds a certain thickness, the substrate-induced strain is
relieved by the formation of misfit dislocations, thereby
destroying the long-range order.

Pseudomorphic growth can only occur if the lattice
mismatch is not too large, say, less than about 10%. The
lattice mismatch is defined as the ratio (da(is

-

dsllb) x 100%),
rJsub! with dads and dsub being the lattice constants of the
adsorbate lattice and the substrate lattice constant, respec-
tively. Layer by layer growth has, however, also been ob-
served with systems with a larger lattice mismatch, such
as Ru(0001)-Mg (lattice mismatch 17%) [145, 146]. For
such systems, the lateral interaction between the adsorbed
atoms is dominating over the corrugation potential im-
posed by the underlying substrate. Under these conditions,
the epitaxial growth of films may take place in an incom-
mensurate manner; i.e. the metal film has its own periodi-

city which is not related to the substrate periodicity. As a

result, the adsorbate films are almost unstrained and may
exhibit good long-range order also in the multilayer range.

With the Ru(0001)—Mg system, pseudomorphic
growth is not observed. Rather, in the submonolayer
range, incommensurate structures form [145, 146]. The sa-

turation of the first monolayer coincides with a (7x7)
LEED structure with dominant spots at ((611h, 611k) h, k
integers) positions, which is stable also upon progressing
uptake of Mg. LEED analyses of the structures of 1 -4
monolayer films show that Mg grows in its bulk like hep
configuration right away from the beginning [145]. By
further Mg deposition, it is possible to grow a very well
ordered Mg film on the Ru(0001) substrate. Eventually,
the IV curves of the dominant spots of the Mg-induced
(7 x 7) structure become stable while all other spots, in-
cluding those of the Ru substrate lattice, vanish. A LEED
analysis revealed that the structure of the thick Mg film is
identical to bulk Mg [146].

In the following, LEED structural analyses of incom-
mensurate structures and coincidence layers will be dis-
cussed in more detail. It is not the aim of this chapter to

give a complete overview of all structure analyses of such
systems, but we will rather focus on illustrative examples
and address the question which parameters can be deter-
mined with confidence for incommensurate structures in a

LEED analysis. First of all, the structures of ultra thin
layers of Mg on Ru(0001) will be discussed, and an ap-
proximation scheme for calculating the IV curves of domi-
nant beams in incommensurate structures will be intro-
duced: The "mirror approximation" [145] (section 4.2).
Section 4.3 deals with alkali metal films, as exemplified
with the system Ru(0001)-Li [1471. In contrast to Mg on

Ru(OOOl), where both the substrate and the adsorbate
layers are hep materials, close packed surfaces of all alkali
metals except Li do not possess the threefold rotational
symmetry of the Ru(0001) surface since they are bee me-

tals. For Li, however, also fee and hep modifications exist
at low temperatures and high pressures [148]. As evi-
denced by LEED, Li builds up an fcc(lll) like structure
on Ru(0001) which is strongly distorted by the substrate
[147].

For the Ru(0001)-Mg and Ru(0001)-Li systems men-

tioned above, the LEED data provide information mainly
about interlayer distances, thickness, and stacking se-

quences of the thin films while modulations within the
adlayers, i.e. deviations of the adatoms from their posi-
tions in an evenly dispersed, flat adlayer, have not been
considered. Due to the large unit cell, the determination of
such modulation amplitudes by LEED is a computer de-
manding task. Recently, however, an efficient approxima-
tion scheme for the calculation of LEED IV curves of
modulated films was developed by Grünberg and Moritz
and applied to a structure determination of the Cu(100)—
c(2 x 10)-Ag structure [139]. Section 4.4 will briefly dis-
cuss the determination of modulation amplitudes within
the incommensurate overlayers by LEED which also close
the section about incommensurate structures.
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4.2 Incommensurate structures of Mg on Ru(0001)
The incommensurate overlayer structures of Mg on

Ru(OOOl) were subject of detailed LEED structural ana-

lyses, both in the submonolayer and the multilayer regime
[145, 146]. In the submonolayer range, Mg forms islands
which coalesce with increasing coverage until a uniform
and homogeneous Mg overlayer is created. The unit cell
of this overlayer can be approximated by a (5 x 5) cell
with dominating (/?4/5, k4/5) superstructure spots. All
other superstructure spots are weak, consistent with a

evenly dispersed Mg layer with only small modulations.
Note that without modulations, other superstructure spots
than (M/5, £4/5) are absent in single scattering and are

present due only to multiple scattering. Assuming a homo-
geneous Mg film, the (5 x 5) surface structure consists of
16 Mg atoms in various sites over 25 Ru atoms within the
first substrate layer (Fig. 34a).

Further uptake of Mg leads to a continuous compres-
sion of the (5 x 5) cell into a quasi (7 x 7) phase. With a

homogeneous Mg layer, one obtains 36 Mg atoms ad-
sorbed in inequivalent sites over 49 Ru atoms in the unit
cell (Fig. 34b). The (7 x 7) structure corresponds to the
completion of the first monolayer with a Mg coverage of
0.75.

One can extract information on the evolution of the
structure in the compression phase already by comparing
the experimental IV curves of measured beams at the be-
ginning and at completion of the compression phase, i.e.
in the (5 x 5)- and (7 x 7) structure. As shown in Fig. 35,
these IV curves are essentially identical. This similarity
gives evidence that the IV curves of those beams are al-
most not affected by the adsorption sites occupied by the

(5x5) structure

(7x7) structure

Fig. 34. Structures of Ru(0001)-(5 x 5)-Mg (top) and Ru(0001)-
(7 x 7)—Mg (bottom) with an evenly dispersed Mg layer. The
(5 x 5) and (7 x 7) unit cells (dashed lines), as well as the unit cells
of the Mg layer (solid lines) are shown.

-1 layer Mg on Ru(0001)-(5x5); n = 5

.

1 layer Mg on Ru(0001)-(7x7); n = 7

T

0 50 100 150 200 250 300 350
Energy (eV)

Fig. 35. Comparison of experimental IV curves at the beginning and
after the completion of the compression phase of Mg on Ru(OOOl).
The striking similarity indicates that the structural features, especially
the average Ru—Mg interlayer spacing, are the same throughout the
compression phase.

Mg atoms, since during the compression phase the adsitcs
of the Mg atoms change certainly while the IV curves do
not. The insensitivity of LEED IV curves to the adsorp-
tion site in incommensurate overlayers is plausible be-
cause the scattering process corresponds to some kind of
averaging over local Mg adgeometries in different sites
which simultaneously contribute to the total scattering am-

plitude.
From the dominance of the (4/5A, 4/5A:) and (6/7A>, 6/1k)

spots lateral and vertical modulations of the Mg adlayer
are expected to be small. Therefore the most important
parameter affecting the LEED IV curves of these beams is
the average layer spacing between the Mg layer and the
Ru substrate. As evidenced by the close similarity of the
corresponding IV curves, this parameter is identical in the
(5 x 5) and (7 x 7) phase.

Furthermore, the similarity of the measured IV curves
demonstrates that the (7x7) structure can be modeled by
using the smaller (5 x 5) unit cell. Calculations of LEED
IV curves using a (5 x 5) unit cell and comparison with
experiment yield a value of (2.32 ± 0.04) A for the Mg-
Ru interlayer spacing both in the (5x5) and the (7x7)
structure. The Mg layer is almost evenly dispersed, with a

buckling <0.15 A and lateral deviations smaller than
0.3 Â (Fig. 36).

After completion of the first Mg monolayer, the
(7 x 7) symmetry persists upon deposition of further Mg
layers. Model calculations for a 2 layer film indicated,
however, that the approximation of using a (5 x 5) unit
cell instead of a (7 x 7) unit cell breaks down in the cal-
culation of LEED IV curves of the (7 x 7) phase. This is

plausible because in the multilayer regime multiple scatter-

ing between different Mg layers becomes important, and
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Fig. 36. Structural parameters for the optimum geometry of the sub-
monolayer film of Mg on Ru(OOOl); the parameters found in the
structural analysis are the same for the (5 x 5)-structure (beginning of
the compression phase) and the (7 x 7) structure (completion of the
compression phase).

hence the IV curves are stronger influenced by details of
the Mg structure, such as for example the Mg interatomic
spacings. In order to avoid a time consuming calculation
with 36 atoms in each Mg layer, an efficient approxima-
tion scheme was introduced: Due to the proximity of the
dominant (7 x 7) spots to the integer order beams, a mix-
ing between the dominant Mg and (lxl) substrate beams
is small for all but for the (0,0) beam because either scat-
tering paths with large momentum transfer at the bulk in-
terface are involved, or interlayer scattering between bulk
and overlayer with at least one backscattering event at the
overlayer is required (see Fig. 37). Thus the nondiagonal
elements of the bulk matrix may be neglected for the com-

putation of the dominant Mg beams. In addition, Mg oc-

cupies many different adsites on the Ru substrate. There-

Ak=(h',k')

Fig. 37. Two types of scattering paths where nondiagonal elements of
the bulk scattering matrix are involved; both types give only a small
contribution to the total scattering amplitude: Scattering event (a) is
negligible since a large momentum transfer imposed by the bulk is
involved, (b) This type of scattering path requires three backscattering
events (one at the overlayer. two at the substrate) and can therefore
be neglected.

fore, only the bulk reflection matrix averaged over these
local registries participates in the scattering between the
Mg films and the substrate. Again, this averaging process
causes the diagonal elements of the bulk scattering matrix
to survive while off-diagonal bulk matrix elements are

averaged out. Altogether, the substrate acts more like a
mirror than a template with atomic structure, i.e., all
beams coming from the Mg film are just backscattered in
specular direction.

Based on this knowledge, an approximation scheme,
the so called "mirror approximation", was developed: The
evenly dispersed Mg overlayer is considered as a (7/6 x 7/6)
structure above the (1 x 1) substrate, and only the diago-
nal elements of the Ru bulk matrix were used. The Ru
bulk scattering matrix has to be calculated for the (1 x 1)
geometry (especially the lattice sum) and then projected
onto those beams which are associated with a (7/6 x 7/6)
cell. The computational effort for this approximation is the
same as for calculations of a (1 x 1) structure and hence
tremendously reduced if compared with the full (7x7)
unit cell.

With this approximation at hand, the geometry of 2-4
monolayer Mg films was determined. It turned out that the
Mg film grows right from the beginning in a hep stacking
sequence. In Fig. 38, the geometry of the two layer
Mg film is shown. The topmost layer spacing of
(2.73 ± 0.03) A is expanded compared to the bulk value
(2.60 A). For the thicker films, the optimization of inter-
layer spacings revealed that the expansion of the topmost
Mg-Mg layer spacing of (2.68 ± 0.04) Ä is less pro-
nounced.

The good long-range order of the Mg film persists also
upon further Mg deposition. A LEED analysis of a 9
monolayer Mg film grown on Ru(0001) revealed bulk like
interlayer distances except for a slight expansion of the
topmost spacing which turned out to be 2.64 A. This re-
sult is consistent with a LEED analysis of a single crystal
Mg(0001) surface [149]. The structure analysis of the
thick Mg film on Ru(OOOl) was simplified by the fact that
the influence of the substrate on the IV curves was negli-
gible owing to the small elastic mean free path of the elec-
trons. Hence the calculations could be performed with the
(lxl) unit cell of the Mg film.

Fig. 38. Optimum geometry determined for the two layer Mg film on

Ru(OOOl).
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The LEED analyses of thin Mg films on Ru(0001) de-
monstrated that the structure is identical to that of a thick
Mg film or a Mg bulk crystal. Even the expansion of the
topmost layer spacing, compared to its bulk value, is al-
ready observed with the 2

...

4 layer films. As the valence
shell of Mg (3s ) is full, this expansion can be traced back
to a ,v—/; hybridization necessary to form a bonding be-
tween the Mg atoms [150]. The hybridization costs a sub-
stantial amount of energy (about 2.7 eV) which is com-

pensated for by the energy gain due to the bonding
between the Mg atoms. At the surface, this gain is smaller
since the coordination number of Mg atoms in the top-
most layer is reduced, compared to bulk Mg. The total
energy of the surface can therefore be minimized by redu-
cing the hybridization, which, in turn, causes the observed
expansion of the topmost Mg—Mg interlayer spacing.

4.3 Incommensurate structures of alkali metals:
Li on Ru(0001)

The structures of alkali metal atoms adsorbed on metal
surfaces have been the subject of many investigations, also
because alkali metals with only one valence electron are

regarded as simple model systems to study the genuine
adsorption process [1511. While most structural analyses
were performed for commensurate overlayers of alkali
atoms, only a few studies were also devoted to the struc-

ture of incommensurate overlayers and thin films,
although the formation of incommensurate structures of
alkali metals on metal substrates is frequently observed
[152].

Upon exposure of alkali atoms (Li, Na, K, Rb, Cs) to

a Ru(0001) surface, commensurate (2x2) and
(\/3 x \/3) R30° structures form at coverages of 0 = 0.25
and 0 = 0.33. The coverage 6 is defined as the ratio of
the atomic density of the adsorbate layer and the atomic
density of the topmost substrate layer. Except for the
(2 x 2)—Li phase, all other structures were analyzed by
LEED [101]. In the (\/3 x s/3) R30° structure, alkali
atoms reside in the threefold hep site while threefold fee
sites are occupied in the (2 x 2) structure, except for Cs
which sits in the onefold coordinated on top position.
Near the completion of the first monolayer, incommensu-
rate structures or coincidence layers were observed for Li,
Na, and K.

One of those coincidence structures, the Ru(0001)—
(3 x 3)—Na structure, has been subjected to a detailed

®
Fig. 39. Structural models tested for Ru(0001)-Na. The unit cell of
the (3 x 3) coincidence layer is indicated. The models shown in (a)
and (b) correspond to r-factor minima with very similar r-factors

LEED analysis [153]. The average Na-Ru spacing turned
out to be 2.60 Ä, with vertical modulations being smaller
than 0.15 A. As a result of the structure analysis, the Na
atoms form an evenly dispersed adlayer and are adsorbed
close to threefold hollow and bridge sites (Figs. 39a, b). A
model with the Na atoms being located in highly sym-
metric on-top and threefold hollow sites (cf. Fig. 39c)
could clearly be ruled out. An unambiguous determination
of the surface structure was, however, not possible since
the models shown in Fig. 39a and Fig. 39b give very simi-
lar r-factors. Furthermore, the sensitivity to lateral displa-
cements of the Na atoms away from their positions in an

evenly dispersed adlayer turned out to be quite low.
On Ru(0001) for coverages exceeding one monolayer.

no LEED pattern with sharp spots could be observed for
all alkali metals but Li. The absence of long-range order
may be related to the threefold p3m\ symmetry of the
Ru(0001) surface. Assuming that the alkali atoms form
closed packed bcc( 110) structures, the p3m 1 symmetry of
the Ru(OOOl) surface imposes the coexistence of different
inequivalent rotational bcc(110) domains, thus preventing
the growth of thick monocrystalline multilayer films.

Unlike the other alkali metals, Li multilayers on

Ru(OOOl) reveal sufficient long-range order to produce
LEED patterns with sharp spots. Compared to Na. K, Rb,
and Cs, the bulk properties of Li are qualitatively different
in that Li transforms below 70 K partly into Acp-like con-

figuration [148]. At very low temperatures, x-ray diffrac-
tion experiments indicated that the structure in this phase
is more complicated, with a ABCBCACAB stacking se-

quence [148c]. Applying stress, even a fee configuration
can be stabilized. Na, K, Rb, and Cs, on the other hand,
exist only in the bec configuration (with some exceptions
for very low temperatures <10 K) [148a].

A sequence of Li-induced LEED patterns follows the
completion of the first monolayer (Fig. 40, after Ref.
[147]). Similarly to Mg. the Li film continuously com-

presses up to. the completion of the first monolayer, as

indicated by incommensurate structures with superstruc-
ture spots moving radially towards the substrate spots with
increasing coverage (cf. Fig. 40a). The coverage was deter-
mined by integration of thermal desorption spectra, where-

by the coverage in the (\/3 x \/3) R30° structure was as-

sumed to be 6
—

0.33. At a Li coverage of 6 = 0.64, the
incommensurate Li film can be modeled using a (5 x 5)
unit cell with the 4/5(/?, k) beams being dominant amongst
the superstructure spots. This (5 x 5)—Li structure has

©
while the model depicted in (c). with Na atoms adsorbed in atop and
bridge sites, can clearly be ruled out.
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Fig. 40. Schematics of the LEED patterns observed for the
Ru(OOOl)—Li system before and after completion of the first mono-

layer (after Ref. [121]). (a) compression phase observed in the sub-
monolayer range (for coverages larger than 0.60). The adsorbate-in-
duced spots (full circles) are moving towards the substrate spots
(empty spots) with increasing coverage, thus indicating a continuous
lateral compression of the adsorbate film, (b) Completion of the first

0 > 1.5
O
i

o •

o

o *o

o

monolayer: The adlayer is slightly rotated with respect to the high-
symmetry axes of the Ru substrate, (c) At coverages above one

monolayer, new adsorbate spots appear close to (5 x 5) positions,
(d) These spots persist also for coverages in the multilayer range: for
coverages above three monolayers, a broadening of the adsorbate-in-
duced spots (as indicated by the dashed areas in the figure) indicates
a worsening of the long-range order within the Li film.

been analyzed by LEED. Since IV curves of only the (4/5, 0)
beam and its symmetrically equivalent spots could be mea-

sured, the only parameter which could be determined was
the Ru—Li interlayer spacing: its value is (2.17 ± 0.10) Ä.

The saturation of the first monolayer takes place at
9 = 0.78, corresponding to an average Li—Li distance of
3.06 Ä; this value is close to the bulk value of 3.1 À for
the hep configuration of bulk Li [148]. As indicated by
the splitting of the superstructure spots in the respective
LEED pattern (Fig. 40b), the Li monolayer is slightly ro-
tated away from the high symmetry directions of the sub-
strate. At coverages above one monolayer, superstructure
spots appear close to the (4/5, 0) position (cf. Fig. 40c)
and persist upon further Li exposure up to about 3 mono-

layers. The hexagonal symmetry of the pattern is consis-
tent with the growth of hep- or fee like Li films.

LEED analyses of ordered structures with two and
three monolayers revealed that Li builds up a fcc(l 11) like
stacking sequence with interlayer distances of (2.35 ±
0.10) A between the Li layers and (2.35 ± 0.10) A be-
tween lithium and ruthenium (see Fig. 41). The in plane
lattice constant of Li was determined from the positions of
the Li-induced superstructure spots to be (3.34 ± 0.04) A.

The 3-layer Li film is strongly distorted by the substrate
as indicated by a smaller value for the Li—Li interlayer
spacing (2.35 Ä compared to 2.45 A for the bulk fee con-

figuration) together with a larger in-plane lattice constant if

Fig. 4L Optimum geometry derived for the 3 layer Li film on

Ru(0()0l ): the film grows in an fee stacking sequence.

compared with the pure fcc( 111 ) Li structure (3.34 À for
the 3-layer film, compared to 3.10 Ä for the bulk). This
distortion may indicate an attractive interaction between
the second Li layer and the substrate. Despite the large
distortions, the atomic density within the 3 monolayer Li
film on Ru(0001) of 0.044 atoms/A3 turns out to be quite
similar with that in the fee bulk phase (0.0467 atoms/Â3).

Further uptake of Li beyond 3 monolayers leads to a

considerable worsening of the long-range order (cf.
Fig. 40d), in contrast to the Ru(0001)—Mg system dis-
cussed in the last section. While Mg on Ru(0001) builds
up its bulk structure, the first Li adlayers grown on

Ru(OOOl) are distorted compared to their volume structure
and hence heavily strained. This strain is probably relieved
by the formation of misfit dislocations if the film exceeds
a 3 monolayer thickness, thus destroying the long-range
order. This behavior is also known for pseudomorphic
films grown on metal substrates.

A system where it was possible to grow a thick well
ordered alkali metal film on a metal substrate, is
Ni(100)-K [154. 155]. The surface of the Ni(100) crystal
used for this study was slightly rippled, indicating the ex-

istence of steps that may break the fourfold orientational
symmetry and permit growth of the K layer only in one

orientation. The long-range order of the potassium film
was sufficient to measure IV curves and determine the
structure. It turned out that K forms a bcc(l 10) structure,
with bulk like interlayer spacings except for the top layer.
Within the top layer, a lateral relaxation of the K atoms
was determined. Due to the thickness of the film, only the
K atoms influence the IV curves, and the calculations
could be carried out using the unit cell of the potassium
film.

4.4 Modulations within thin films

The preceding sections mainly dealt with interlayer spa-
cings and stacking sequences of incommensurate adlayers.
The adsorbate layers were considered as being evenly dis-
persed, i.e., it was assumed that the individual substrate
and adsorbate layers are periodic, although the transla-
tional symmetry of the adsorbate 4- substrate system is lost
or reduced. A further level of sophistication is introduced



Low-energy electron diffraction 41

into the structural analysis if the translational symmetry of
the individual adlayers is broken by allowing modulations
within the adlayer films, i.e., deviations of the atoms away
from their positions in an evenly dispersed adlayer.

Recently, progress has been made in calculating LEED
IV curves for modulated, incommensurate structures. An
efficient approximation scheme was developed by Grün-
berg and Moritz [139], which has some similarity to the
widely used Tensor LEED method [156]. Thereby, the un-

distorted, evenly dispersed adlayer is used as "reference
structure"; the full multiple scattering calculation is carried
out only with the small unit cell of the undistorted ad-
layer, while modulations within the adsorbate films are
treated by a perturbation method. Despite the small size of
the unit cell, calculations using this approximation are still
rather computing time consuming because many plane
waves are required in order to couple the wave field of the
adsorbate film properly with that of the substrate. Within
the framework of the method (developed by Grünberg and
Moritz) the number of plane waves is limited and reduced
by employing the "beam set neglect" approximation
which was developed first for the structural analysis of
adsorbed large molecules [157].

The method was tested and applied for a structural ana-

lysis of the Cu(100)—c(2 x 10)—Ag coincidence phase
[139]. It turned out that the Ag atoms occupy positions
close to fourfold or bridge sites. Sine-like modulations
were assumed, as shown in Fig. 42. As a result of the
structure analysis, the modulation amplitude of the Ag
film amounts to 0.2 A, whereby atoms close to bridge
sites are located about 0.2 Ä above the atoms in fourfold
hollow sites. A comparison with IV curves calculated
fully dynamically revealed that the approximation de-
scribed above is well applicable for modulation amplitudes
of up to 0.3 Ä. For amplitudes larger than 0.5

...

0.7 A,
the influence of the lattice distortions on multiple scatter-

ing becomes large enough for the approximation to break
down.

While the problem of calculating IV curves of modu-
lated, incommensurate structures seems to be tractable,
further investigations have to disclose how sensitive LEED
data are to these parameters. With the Ru(OOOl)—Mg and
Ru(0001)-Li systems treated in the last section, average

Cu(001)-c(10x2)-Ag

Fig. 42. Structure of the Cu(001)-c(10 x 2)-Ag structure, together
with the modulation amplitude of the Ag film (see Ref. [115]); a

sine-like vertical modulation of the film was assumed.

interlayer spacings, registries, and the number of adsorbate
layers could be determined with confidence, while a pre-
cise determination of modulations was hampered by the
low sensitivity of the IV curves to vertical and lateral
bucklings. At this point it is important to recall that the
dominant spots observed in the incommensurate phases of
Li and Mg on Ru(0001) belong to the reciprocal lattice of
an evenly dispersed adlayer, and that modulations of the
adlayer may have a similar effect on these particular spots
as thermal disorder. Hence, the low sensitivity of the IV
curves to modulations may be rationalized by the fact that
LEED is in general less sensitive to that kind of "disor-
der" than to interlayer spacings or other structural para-
meters. It may be necessary to measure also IV curves of
weaker spots being absent in the kinematic limit for an

evenly dispersed overlayer, which may contain more infor-
mation on the modulation amplitudes.

The determination of lateral modulation amplitudes
may be simplified in those cases where the variation of
the intensities of the LEED spots with the momentum
transfer parallel to the surface, ky, is strongly affected by
modulations. An instructive example is provided by ultra
thin 2

...

4 layer fee Fe films on Cu(001) which can be
described by a (5x1) coincidence lattice [142]. The
LEED pattern of this system exhibits a very characteristic
feature: Among the observed spots, only the (1, '/s),
(l,4/s)> and (1, 6/s) reflections have notable intensities
while the intensities of all other Fe-induced spots are very
weak in the whole energy range (cf. Fig. 43a). Sine like
lateral modulations, as shown in Fig. 43b, can explain the
pattern and the observed weakening of most of the super-
structure spots. A fully dynamical structure analysis of a 4
layer Fe film confirmed this speculation [142]. Large de-
viations of several tenths of an À from the positions in an

unmodulated film in lateral (and also vertical) directions
gave evidence that the 4 layer Fe film is strongly distorted
by the copper substrate.

In summary, the determination of modulation ampli-
tudes in incommensurate structures is quite involved and
still in its beginning. Very useful information on film
thickness, interlayer spacings and stacking sequence in
incommensurate thin films can, however, already be ex-

®
Fig. 43. (a) Schematic of the dominant spots in the Cu(001)-(5 x 1)
—Fe phase and corresponding structural model for the lateral modula-
tions within the Fe film, (b) The positions of the intense reflections
are consistent with sine-like lateral modulations; the (5x1) unit cell
is shown (solid rectangle), (after Ref. [116]).
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tracted from the LEED data if one neglects those modula-
tions and assumes that the individual adlayers are peri-
odic. For this case, efficient approximation schemes like
the "mirror approximation" introduced in section 4.2 can
be applied, allowing the use of the small (lxl) unit cell
of the evenly dispersed adlayer for the LEED structure

analysis.

V. Surface structure of quasicrystals
5.1 Introduction

In this section, we turn to LEED investigations of quasi-
crystalline surfaces. Quasicrystals, which were discovered
by Shechtman et al. in 1984 [158], are a new class of
materials which combine long-range translational and rota-
tional order with the absence of a periodic crystal lattice.
This is evidenced by diffraction patterns with sharp spots,
indicative of long-range order, which exhibit symmetries
which are forbidden for a periodic crystal lattice. As an

example, a LEED pattern obtained for the quasicrystalline
Al7()Pd2iMny alloy is shown in Fig. 44 [159, 160]. Its
fivefold rotational symmetry is forbidden for periodic lat-
tices, while the sharp spots point towards good long-range
order within the coherence length of the electron beam.
The aperiodic long-range order manifests itself also in irre-
gular, non periodic spacings between the spots in the dif-
fraction pattern. As discussed further below (section 5.3),
the positions and intensities of the spots in the aperiodic
diffraction pattern already contain important information
on characteristic lengths and distances in quasicrystalline
surfaces.

Recently, surfaces of quasicrystals have attracted much
interest due to their special properties such as their corro-

sion resistance, their hardness, and their low friction coef-
ficients [161]. Because of these properties, quasicrystalline
alloys may find important technical applications, for exam-

ple as surface coatings for wear resistance in corrosive en-

vironments. The properties of interest
—

friction, adhesion,
and corrosion

—

are all determined by phenomena at sur-

face or interfacial regions. Up to know, very little is

Fig. 44. LEED pattern for the fivefold Al7<,Pd2iMn9 surface at 80 eV
incident electron energy and normal incidence. Two rings with in-
tense spots can be discerned, with spots of weaker intensity in be-
tween. Each ring consists of two sets of five spots which are symme-
trically equivalent. Some spots are obscured by the sample
manipulator (dark shadow at top and in the middle).

known about these underlying phenomena; a knowledge
of the surface structure may be an important step for a

deeper understanding of the surface properties of quasi-
crystalline alloys.

In order to analyze quasicrystalline surface structures
by LEED, several difficulties have to be overcome, both
on the experimental and the theoretical front. For the
LEED calculations, one is confronted with the problem
that it is not possible to define a surface unit cell with
finite size for the aperiodic surface of a quasicrystal. Be-
cause the time required for the calculation of LEED 1(E)
curves for a structure model strongly increases with the
size of the surface unit cell, LEED analyses of quasicrys-
tal surfaces are not possible without using efficient
approximations. A similar problem arises with the incom-
mensurate structures described in the last section. Com-
pared to the incommensurate systems, quasicrystalline sur-

faces introduce, however, a further level of complication
in that it is impossible to describe quasicrystalline struc-
tures using one or more periodic layers with small modu-
lations. With the incommensurate structures treated in the
last sections, the translational symmetry of adsorbate and
substrate taken together is lost or reduced, but the indivi-
dual adlayer and substrate layers still maintain an average
periodic structure; the approximation schemes discussed in
the last section, like the "mirror approximation", are based
on this fact. Recently, suitable approximations were devel-
oped also for LEED calculations with quasicrystalline sur-
faces [162], and a structural analysis of the fivefold
Al7()Pd2|Mn9 surface demonstrated that quasicrystalline
structures are accessible to LEED theory.

Experimentally, one of the main impediments to studies
of quasicrystal surfaces is the scarcity of good, large sam-

ples. The first quasicrystalline alloys discovered, as for ex-

ample the AIMn alloy by Shechtman et al. [1581, were

thermodynamically unstable. Only small, urn-sized grains
could be produced by very rapid cooling using the melt-
spinning technique, thus freezing the solid in the quasi-
crystalline state (A grain is thereby a region of the solid
that contains atomic clusters with a single coherent orien-
tation). This situation changed after the discovery of alloys
which are stable up to the melting point; among them are

Al65Cu20Fe,5 [163] and Al70Pd2|Mn9 [164]. Their degree
of quasiperiodic order could be improved by heating close
to the melting point, and is similar to the degree of order
in periodic crystals, as derived from the sharpness of the
spots in their x-ray or neutron diffraction patterns.

With Al(.,sCu2oFei5 and Al70Pd2iMn9, one can produce
single grains large enough to apply surface sensitive tech-
niques [165]. For Al70Pd2iMn9 , large single grains (of the
order of several cm3) can be obtained using conventional
crystal-growing techniques like the Bridgman method.
Also because it is routinely possible to grow large sam-

ples, most of the investigations of quasicrystal surfaces
deal with the Al70Pd2|Mny system. Only recently, large
single grain samples of quasicrystalline Al65Cu2(lFei5 were

obtained [165b]. For this alloy it was, however, not suffi-
cient to apply conventional crystal growth techniques. It
does not grow directly from the liquid but is the product
of a peritectic solidification reaction between different
high-temperature crystalline phases. For potential applica-



Low-energy electron diffraction 43

tions as surface coatings, quasicrystalline AlCuFe is re-

ceiving much attention, also because it consists of inex-
pensive, non toxic metals.

The Al70Pd2|Mn9 and Al65Cu2oFe|s materials men-

tioned above belong to the class of icosahedral quasicrys-
tals, i.e. they have the same point group symmetry as an

icosahedron. Diffraction patterns along different directions
of an icosahedral crystal may have onefold, twofold, three-
fold, or fivefold rotational symmetry. Icosahedral phases
were discovered among aluminum based alloys, as well as

among alloys of titanium and transition metals, among al-
loys of gallium, magnesium and zinc and also among al-
loys of uranium, palladium and silicon (for reviews, see,
e.g., [166]).

The fivefold symmetric surface of Al70Pd2iMn9 has
been subjected to detailed investigations by LEED, where-
by symmetry and positions of the spots showed that the
quasicrystalline long-range order at the surface is similar
as in the bulk [159, 160, 162], The fully dynamical LEED
structural analysis for Al7oPd2|Mn9 revealed that the sur-
face consists of a mixture of very similar, bulk like termi-
nations [162]; the bulk structure was determined by x-ray
and neutron diffraction [167]. More recently, it was shown
that it is possible to prepare stable structures of a twofold
Al70Pd2|Mny surface [168] and a fivefold surface of
Al65Cu2oFe|, [169]; for the latter, the LEED pattern is
akin to the pattern obtained for fivefold Al7()Pd2iMn9
shown in Fig. 44.

Other stable aperiodic systems were found among dec-
agonal alloys, which are quasicrystalline in a plane and
periodic perpendicular to that plane. The decagonal phase
produces a diffraction pattern with a tenfold rotational axis
if the direction of incidence is perpendicular to the quasi-
periodic planes. Among these materials is the decagonal
phase of AlCoCu [170], the first quasicrystalline system
for which a LEED study was carried out [171 ].

In the following, we will describe LEED studies of
quasicrystalline surfaces in more detail. The chapter about
quasicrystalline surfaces is organized as follows: In section
5.2, we will consider the special, quasicrystalline long-
range order in more detail and will briefly describe how
quasicrystalline models with atomic coordinates can be de-
rived. Then, we turn to LEED studies of quasicrystalline
surfaces and discuss how information on characteristic dis-
tances and long-range order can be extracted from the po-
sitions and relative intensities of the spots in the LEED
pattern (section 5.3); thereby, we mainly concentrate on

surfaces of Al70Pd2|Mn9. In section 5.4, we describe fully
dynamical LEED analyses of the fivefold and twofold
surfaces of Al70Pd2iMn9. We will briefly explain the ap-
proximations which are applied for the calculation of
1(E) curves for quasicrystalline structures. The results for
the Al70Pd2|Mny icosahedral phase will be given and dis-
cussed in the context of other surface sensitive experi-
ments.

5.2 Some aspects of quasicrystalline order

Although they are not periodic, quasicrystals exhibit trans-
lational and orientational long-range order. Orientational
long-range order means that the orientation of local atomic

clusters is correlated over long distances resulting in the
same orientation of all clusters of the same type. An illus-
trative example is provided by the surface of the
Al7oPd2|Mn9 icosahedral alloy which was investigated by
Schaub et al. using LEED and STM [159]. After sputter-
ing and annealing in ultra high vacuum, microfacets were

obtained which grow perpendicular to a fivefold axis of
the bulk alloy and exhibit fivefold symmetry in their
LEED patterns. The surface topology of these facets can

be described by a set of atomically flat terraces. STM
images of the terraces reveal pentagonally shaped holes
(Fig. 45). All of those fivefold objects have the same or-

ientation, even if they are on different terraces, thus indi-
cating long-range orientational order.

Beyond the long-range orientational order, quasicrystals
possess also a special kind of translational long-range or-

der. Unlike crystals, which have translational symmetry,
the structure of quasicrystals is quasiperiodic, a well de-
fined but more subtle kind of translational order. Quasiper-
iodic order resembles the ordinary periodic order insofar
as it determines the position of all atomic clusters up to

infinity when starting with an initial arrangement of clus-
ters. Let us consider, for example, the fivefold surface of
the Al7(,Pd2iMny icosahedral alloy with the pentagonal
holes visible with STM. By connecting the edges of the
pentagonal holes, one obtains a pentagrid with five sets of
lines, one of which is shown in Fig. 45. Two line separa-
tions are found, namely a wide one (W) and a narrow one

(N); the ratio between W and N is close to the golden
mean T = (l + y/5)/2, an irrational number which plays
also an important role in the geometry of pentagons and
icosahedra. The succession of distances between neighbor-
ing grid lines is part of the infinite Fibonacci chain, and
the distribution of the pentagonally shaped holes is deter-
mined by the Fibonacci pentagrid as depicted in Fig. 46.
The long-range order described above is quasiperiodic:
While the positions of the pentagonal clusters are deter-
mined by the Fibonacci grid up to infinity, the resulting
structure is aperiodic, as reflected by the occurrence of
two distances W and N, whereby W/N is irrational. Quasi-

Fig. 45. STM image of a fivefold symmetric terrace with pentagon-
ally shaped holes (from 1159c]). A Fibonacci pentagrid can be con-

structed by connecting the edges of the pentagons with straight lines.
Only one set of lines is partially shown; the ratio W/N is close to the
golden mean r.
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Fig. 46. Fibonacci grid that describes the distribution of the penta-
gonally shaped holes at the fivefold AlvoPdiiMiiy surface. All penta-
gons (thick lines) have the same size and orientation (see [159]).

periodic order was found also perpendicular to the fivefold
symmetric surface of AlyoPd^iMny: The terraces are sepa-
rated by steps of two different heights in a succession cor-

responding to a Fibonacci sequence. The ratio between the
heights of the large and the small step is again close to
the golden mean r (Fig. 47) [159].

While there are only a few investigations of the surface
structure of quasicrystals so far, much more structural stu-
dies deal with their bulk geometry: a knowledge of the
bulk configuration may, however, be very helpful in order
to find suitable starting models for an analysis of the sur-
face structure by LEED. The most important tools used
for quantitative bulk structure determination are x-ray and

Fig. 47. STM image of icosahedral AlPdMn after annealing close to
the melting point. The atomically flat terraces visible on this
1000 x 1000 A2 image are separated by steps of two different
heights. Bottom right: Histogram obtained from the STM image.
Shown is the absolute frequency of measured z-values, whereby z

points along the surface normal (NODV: Number of data values). The
heights of steps separating neighboring terraces take only the values
L (L = "low step") and H = rL (H = "high step"). The sequence of
step heights between terrace #1 and terrace #11 is pan of the Fibo-
nacci chain (From Ref. | î59cJ).

neutron diffraction [167, 172]. For the structural modeling
of quasicrystals, two approaches are used: 1) In the tiling
approach, a quasiperiodic arrangement of atoms is made
up by two or more different unit cells (or tiles) which are

"decorated" with atomic clusters. The well known Penrose
tiling shown in Fig. 48 consists, for example, of a fat and
a skinny rhombus and has fivefold rotational symmetry.
As shown in Fig. 49, the Penrose tiling exhibits quasicrys-
talline long-range order which can be described by a Fibo-
nacci pentagrid (very much like the fivefold Al7()Pd2jMn9
surface). 2) In the higher dimensional approach, quasi-
periodic structures are described as irrational sections of
extended "hyperatoms" on a higher dimensional periodic
lattice; detailed descriptions of the higher dimensional
crystallography of quasicrystals can be found, for exam-

ple, in [173]. A simple example of the higher dimensional
approach is shown in Fig. 50: It is possible to construct a

quasiperiodic Fibonacci chain by a cut through a two di-
mensional, periodic square lattice along an axis rotated by
an angle arcsin (1/\J(\ + r2)) = 31.7° with respect to the

Fig. 48. Section of a Penrose tiling with fat and skinny rhombic unit
cells. The tiling has perfect pentagonal orientational order and quasi-
periodic translational order.

Fig. 49. Each tile of the Penrose tiling has been decorated with line
segments as shown at the bottom. These line segments join to form a

Fibonacci pentagrid. thus demonstrating that the Penrose tiling has
quasiperiodic long-range order (from Ref. [173a]).
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Fig. 50. Construction of a Fibonacci sequence by projection of a per-
iodic, two-dimensional lattice with extended atomic objects onto the
one-dimensional physical space xn; the basis vectors of the two-di-
mensional lattice are shown. In the two-dimensional periodic lattice,
the atomic objects are not point-like but they are represented by line
segments. The intersections of these line segments with Xn determine
the atom positions in the physical space. In X||, the atoms form a

Fibonacci chain. The ratio of the long distance L and the short dis-
tance S is equal to the golden mean r.

z = 6.60 A

20 „ 30
x(A)

z = 7.08 Â

axes of the square lattice. This axis is called the "physical
space" and labeled as X|| while its orthogonal partner is
denoted by Xj_. In order to produce point-like atoms in the
physical space, the atoms in two dimensions can be repre-
sented by extended objects, such as the line segments of
length L in Fig. 50. The intersection of the atomic objects
with x.ii determines the positions of atoms in the physical
space. In the same way, a three dimensional quasicrystal-
line structure can be obtained by a cut along a three di-
mensional hyperplane X|| through a six-dimensional peri-
odic lattice. Thereby, the atoms have to be represented as

extended, 3-dimensional objects in the 6-dimensional
space in order to get point-like objects in the 3-dimen-
sional "physical" space. Using diffraction methods, such
as x-ray or neutron diffraction, it is possible to get insight
into the positions and shapes of the atomic objects in the
6-dimensional lattice, x-ray and neutron diffraction led, for
example, to a model for the icosahedral phase of AlPdMn,
consisting of shells of spheres located on the nodes of a

6-dimensional bcc lattice [167]. By projection to the three-
dimensional "physical space", one obtains the coordinates
of the atoms in the Al7()Pd2iMn9 quasicrystal. These coor-
dinates were used as starting configuration in the LEED
structural analysis of this surface [162].

In the structure of Al7()Pd21 Mn9 obtained by x-ray and
neutron diffraction, dense atomic planes show up perpen-
dicular to the fivefold direction. Two bulk planes perpendi-
cular to a fivefold axis are shown in Fig. 51 while in
Fig. 52 the planes are drawn at their respective depths z.

As evidenced by x-ray and neutron diffraction ana-

lyses, the basic "building blocks" of many icosahedral
quasicrystals are icosahedral or dodecahedral clusters;
thus, also the local environment of the majority of the
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Fig. 51. Two successive planes of icosahedral AlPdMn perpendicular
to a fivefold axis.

Fig. 52. Atomic planes of icosahedral AlPdMn are drawn at their re-

spective depths -, as bars with thickness proportional to the atomic
density in each plane, together with their approximate composition as

symbolized at the right of the figure (parentheses indicate minority
species). The origin was chosen arbitrarily. By the arrows, the top-
most layers of a class of very similar terminations are indicated.
These terminations are separated by step heights as visible with STM
1159] and give good agreement in the LEED analysis (see section
5.4); the z axis points towards the bulk.



46 M. Gierer and H. Over

Fig. S3. Pseudo Mackay icosahedron which is considered to be the
basic building block of the icosahedral Al—Pd—Mn quasicrystal. It
consists of an inner shell (partially occupied small dodecahedron,
left), an icosahedron (middle) and an outer shell (icosidodecahedron.
right).

atoms has icosahedral symmetry. For Al70Pd2|Mn9, the x-

ray and neutron diffraction analysis in [167] suggests that
most of the atoms form so called pseudo Mackay icosahe-
dra (Fig. 53). They consist of a part of a small dodecahe-
dron, surrounded by an icosahedron and an outer shell
(icosidodecahedron). A x-ray photoelectron study of icosa-
hedral Al7()Pd2iMn9 gave direct evidence for the existence
of icosahedral clusters in the surface region [174]. It
should, however, be pointed out that the details of the
bulk structure of AlPdMn are still subject of debate, and
that there is evidence for disorder and complexity in this
structure [175]. Also the nature and detailed structure of
the atomic clusters forming the Al70Pd2iMn9 quasicrystal
is still under discussion [176].

Further evidence for the existence of Mackay type clus-
ters in the surface region of Al7()Pd2|Mn9 was obtained in
recent STM studies of samples prepared by in situ clea-
vage along twofold and fivefold directions [177]. In that
study the surface structure was found to be determined by
cluster aggregates on the basis of an elementary cluster
whose diameter of about 10 À points toward the pseudo
Mackay icosahedron. The surface was found to be rough,
in contrast to the investigations by Schaub et al. [159] dis-
cussed above, which revealed the occurrence of large, flat
terraces. Obviously, the surface morphology is strongly
influenced by the effects of various preparation techni-
ques: Flat and well ordered surface regions form only
after annealing close to the melting point [159, 178].

5.3 LEED studies of quasicrystals:
Information from the diffraction pattern

Important information on the ordered part of quasicrystal-
line surfaces can already be extracted from the LEED pat-
tern. The first LEED study for a quasicrystalline system
was carried out for the decagonal phase of Al65Cu|5Co2o
[171], giving rise to a tenfold symmetric LEED pattern if
the direction of incidence is perpendicular to the quasiper-
iodic planes, and a twofold pattern if it is along those
planes; the twofold pattern is periodic in one direction.
The LEED patterns of the twofold and tenfold surfaces
indicate that the long-range order in the surface region of
Al65cu|5Co20 is similar to that in the bulk: From the spot
positions of the twofold pattern, one can estimate the in-
terlayer spacing between the quasiperiodic layers which
turns out to agree with the bulk value within the error

bars; the spot positions of the tenfold pattern indicate that
the long-range order of the tenfold surface is similar to
that in the bulk. Temperature-dependent measurements re-

vealed the existence of an unusual disordering transition

-4 -2 0,2 4
Ak||x (A"1)

Fig. 54. Schematic of the LEED pattern of the fivefold ALoPdjiMn^
surface, showing the spots visible in the 70-240 eV range (The sec-

ond and third ring are clearly visible in the LEED pattern in Fig. 44
which was taken at E = 80 eV). The pattern consists of rings with
intense reflections. The weak spots between the rings are not shown
in the figure. The radii of the rings are related by the golden mean r.
as indicated in the figure, g is the modulus of the parallel momentum
transfer (ko = 1.00 À"1).

for the tenfold planes, as evidenced by a sudden weaken-
ing of the non specular LEED spots at a critical tempera-
ture 7 = 715 K (well below the bulk melting point of
1280 K). The nature of this phase transition is not clear at
the moment.

From the positions of the LEED spots, characteristic
lengths can be deduced; these lengths may correspond to
distances between atomic clusters, as exemplified with the
fivefold surface of Al70Pd2iMn9 in the next paragraphs.

As shown by Schaub et al., the major spots in the
LEED pattern of fivefold Al70Pd2|Mn9 are located on

rings whereby the radii of consecutive rings rj, normalized
to the smallest such radius r0, should equal the golden
mean r(r = (l + \/5))/2) raised to integral powers: i-j/r0
= xs (see also the schematic in Fig. 54). Two of these
rings with bright spots can be discerned in the LEED pat-
tern in Fig. 44. It can be shown that the spot positions in
the LEED pattern are a consequence of the quasiperiodic
long-range order which is determined by the Fibonacci
pentagrid shown in Fig. 46. To this end, it is instructive to
consider the Fourier transform of a one-dimensional Fibo-
nacci chain [159]. As shown in Fig. 55, the Fourier trans-
form exhibits an infinite number of Bragg peaks which are

dense in the reciprocal space. Only a few of these peaks,
however, have notable intensity, and they are located at
wave vectors k0, rk0, r2k0, and t3k0, with k0 = 2jrcr/\/5N
and N being equal to the narrow spacing in the Fibonacci
chain. Accordingly, Fourier transformation of a Fibonacci
pentagrid leads to rings with intense spots at those posi-
tions, as observed also in the diffraction pattern of fivefold
Al7()Pd2|Mn9. From these spot positions in the LEED pat-
tern, one can estimate the narrow and wide separation of
the Fibonacci pentagrid, which amount to N =

(7.24 ±0.10) Ä and W = tN = (11.72 ± 0.16) A, respec-
tively [159]. These values agree within the error bars with
those found by STM. The LEED pattern of the surface
furthermore indicates that the quasicrystalline long-range
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k (A )
Fig. 55. Fourier transform of a Fibonacci chain with N = 7.38 Ä and
W = 11.76 A (values expected for an unreconstructed fivefold
AI70Pd2|Ivlnc; surface). The Fibonacci chain is shown in the inset
(upper left). The Fourier transform exhibits an infinite number of
Bragg peaks which are dense in k space; only a few of them have
notable intensity, for example the reflections at ko, rko, i ko, and
rk0, with k0 = 2jio~/(\/5N). The positions correspond to the radii of
the rings with intense spots in the LEED pattern (Figs. 44, 54).

order is similar to that in the bulk, since the spots are at
the positions of an unreconstructed surface [159, 162].

For Al7()Pd2iMn9, also a stable quasicrystalline twofold
surface could be prepared by sputtering and annealing
1168]. After sputtering, but prior to annealing at tempera-
tures above 600 K, no LEED pattern could be observed
while Auger spectroscopy revealed a composition of
Al62Pd32Mn6, well away from the composition of the ico-
sahedral phase. After resputtering and annealing at ap-
proximately 600 K, a "rhombic" LEED pattern exhibiting
twofold symmetry was observed. The diffraction spots
were, however, quite broad, and did not coincide with the
2-fold or any other pattern derived from the bulk structure.
At best, this structure may be characterized as a highly
disordered and distorted icosahedral phase. After anneal-
ing above 800 K, the LEED pattern changed dramatically:
The diffuse spots were replaced by a new sharp, rectangu-
lar LEED pattern, which exhibits twofold symmetry
(Fig. 56). In order to confirm whether this pattern is char-
acteristic of an ordered surface of the icosahedral phase,
the LEED pattern expected for an unreconstructed surface

Fig. 56. LEED pattern
recorded at E ..

of a two-dimensional Al70Pd2|Mn9 surface.
70 eV (from Ref. [168]).

was calculated. In doing so, the bulk x-ray structure fac-
tors as measured by Boudard et al. [167] for Al7()Pd2iMn9
were employed and used to assign a relative intensity to
rods parallel to the surface normal. The positions and in-
tensities derived in this way qualitatively agreed with
those measured in the LEED pattern, thus indicating that
the quasicrystalline long-range order at the twofold surface
is similar as in the bulk.

5.4 LEED structural analysis
of quasicrystalline AlPdMn surfaces

The LEED studies described above have been limited to
observations and discussions of the symmetry and spacing
of the diffraction spots, in order to determine whether the
surface retains the quasicrystallinity of the bulk. They did
not exploit the strength of dynamical LEED as a tool for
obtaining atomic-scale information on surface structure
and composition.

Quasicrystals pose special challenges to diffraction the-
ory, previously worked out for the cases of x-rays and
neutrons. In LEED, multiple scattering adds further com-

plications: The aperiodicity of quasicrystals, and of quasi-
crystal surfaces in particular, implies a wide variety of lo-
cal structures, and an intractable number of atoms with
different scattering properties; note that the scattering
properties of an atom depend in effect on its local environ-
ment in the case of multiple scattering [54]. The time ne-

cessary to calculate LEED 1(E) curves for a structure mod-
el strongly increases with the number of atoms with
different scattering properties. In periodic crystals, this
number is restricted by the size of the two dimensional
surface unit cell and the number of atomic planes to be
taken into account, which is determined by the inelastic
mean free path of the electrons [5]. For a quasicrystal,
however, this consideration does not hold since it is not
possible to define a surface unit cell of finite size. Thus,
approximations in the LEED theory are necessary, and an

appropriate LEED formalism had to be developed for a

quasicrystalline surface region. In the following, we will
describe this approach and its application for a LEED
structure analysis of the fivefold symmetric surface of the
icosahedral Al7()Pd2|Mny alloy. The approach can be ap-
plied, however, also for LEED analyses of other quasicrys-
tal surfaces.

As a starting point for the LEED analysis, the bulk
structure of icosahedral AlPdMn determined by x-ray and
neutron diffraction [167] was used, and a large set of pos-
sible ideal bulk-like fivefold surface terminations was con-

sidered, bounded by a box of 100 x 100 Â2 which is
50 A deep (see also Fig. 52). As a result of quasiperiodi-
city, all of these terminations are, in principle, different.
Many of them have, however, very similar chemical com-

positions and geometries so that only a finite number of
qualitatively different terminations has to be considered.
Each of these surfaces is represented as individual layers
(parallel to the surface) of coplanar atoms with a particular
composition and density.

To account for multiple scattering, efficient approxima-
tions have to be used. In this paragraph, we describe the
concept of these approximations, as illustrated also in
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Fig. 57. Illustration of the approximations used for LEED 1(E) calcu-
lations with quasicrystal surfaces: (a) The scattering properties of all
atoms in a coplanar layer are assumed to be equal (spheres tilled with
the same pattern stand for atoms whose scattering properties are as-

sumed to be equal), (b) In a quasicrystal. the neighborhood of each
atom is different, due to the aperiodicity. The atoms symbolized by
the filled spheres have, for example, a different local environment. In
the case of multiple scattering, the neighborhood influences also the
scattering properties of an atom, because the wave field of the inci-
dent beam is modulated in the presence of the neighbors (the circles
symbolize spherical waves emitted by the neighboring atoms, chan-
ging the incident wave field at the positions of the atoms marked by
filled spheres), (c) The neighborhood of all atoms in a coplanar layer
is replaced by a simplified, averaged neighborhood which is indepen-
dent of the azimuth; in this case the incident wave field, symbolized
by the circles, depends only on the distances to the neighboring
atoms and on the polar angle 0 but not on the azimuth <p.

Fig. 57. For details, the reader is referred to Ref. [162b].
First, one has to reduce the number of atoms with differ-
ent scattering properties used in the calculation. As men-

tioned above, the time required for calculations of 1(E)
curves is determined by this number. To this end, the scat-

tering properties of all atoms within a coplanar layer were

assumed to be equal (Fig. 57a). In doing so, the calcula-
tions can be performed with one atom per layer, i.e., 10
different atoms if 10 layers have to be taken into account

(note that contributions of deeper lying layers are strongly
damped due to inelastic scattering). Under these condi-
tions, the contribution of each layer to the scattering am-

plitude can be written as a product of a form factor with a

lattice factor. The lattice factor is determined by the lat-
eral, aperiodic arrangement of the atoms and has sharp
maxima at those positions where the spot positions in the
LEED pattern are. The atomic form factor is in the case of
LEED strongly influenced by multiple scattering and is
determined not only by the scattering matrix of an atom
itself but also by its local environment; this environment
strongly modulates the incoming wave field of the LEED
electrons. Within the approximation, the complex local en-

vironments of the atoms in a quasicrystal are replaced by
a simplified, averaged neighborhood, which is assumed to

be equal for each plane. As illustrated in Fig. 57b, c, it is
assumed that the distribution of neighbors around each

atom in the averaged neighborhood depends only on the
polar angle (perpendicular to the surface, cf. Fig. 57) and
the interatomic distances, but not on the azimuth. This
approximation should hold especially for highly sym-
metric structures (such as fivefold surfaces). Under these
conditions one obtains a simplified expression for the pro-
pagator matrix describing the propagation of the electron
wave field between the atoms.

Using this approach, the experimental data of the five-
fold symmetric surface of Al7()Pd2iMn9 were successfully
analyzed. In a first step, the topmost interlayer spacings
were optimized for each termination. It was found that the
better fitting terminations are very similar, exhibiting a

densely packed, Al-rich outermost atomic layer followed
by a layer containing about 50% Al and 50% Pd; some of
the better fitting terminations are indicated by arrows in
Fig. 52. The topmost interlayer spacing of 0.38 A is sys-
tematically reduced by 0.1 À from the bulk value of
0.48 A, which trend is consistent with clean single-crystal
results of comparable local buckled structures (e.g.,
stepped fee surfaces). The interlayer spacings of deeper
layers are almost bulk-like. In line with the STM observa-
tions of Schaub et al., many of these terminations are se-

parated by steps with heights of 4.08 or 6.60 A. Low-en-
ergy ion scattering data also support the composition of
the favored layers [162b].

Next, different terminations were averaged together
with equal weight to model the case of terraces, each hav-
ing one of the different terminations. By mixing the inten-
sities obtained for the 10 best terminations, the Pendry R
factor could be reduced from 0.40 to 0.31. This agreement
is comparable to that found in many other successful
structure determinations, particularly for complex surfaces.
The resulting optimum geometry is shown in Fig. 58.

In the following, we describe results of calculations of
a strongly corrugated surface with intact Mackay type
clusters. These calculations were motivated by the fact

zl =(0.06±0.04)Â-
z2=(0.44±0.12)Â~
z3=(1.22±0.15)Â-
z4 =(2.04+0.15) Â -

z5 =(2.52±0.05) Â -
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Fig. 58. Optimum geometry found in the LEED structural analysis of
the fivefold AL-oPdiiMny surface. Given are the topmost layer spa-
cings, compared with their bulk values (bulk values in parentheses).
The planes are drawn at their respective depths z. as bars with thick-
ness proportional to the atomic density in each plane, together with
their approximate composition (as labeled below).
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that there is evidence for surface roughness after cleaving
in situ, with aggregates of Mackay type clusters at the sur-

face [177]. The termination chosen for these calculations
belongs to the group of better fitting terminations de-
scribed above and contains many intact pseudo Mackay
icosahedra in the surface region (see Fig. 59a). In a first
step, only atoms within the Mackay clusters were taken
into account for the topmost layers. The equatorial plane
of the clusters, 4.56 A underneath the surface layer, is the

© -30 -20 -10 0 10 20 30
|x(Â)

® -30 -20 -10 0 10 20 30
x(A)

Fig. 59. Configurations used for the 1(E) calculations of a rough sur-

face of fivefold Al7()Pd2|lvIn.,. For these configurations, one of the
better fitting terminations was chosen, (a) Only atoms within pseudo
Mackay icosahedra (PMI) were taken. Full circles: topmost atoms of
the PMI. open circles: 2nd plane (0.48 A underneath), gray circles:
3rd plane (1.26 À underneath). Small open circles: plane 4.56 A un-

derneath; this is the first plane where all atoms are taken into account
in the 1(E) calculation. The equatorial planes of the Mackay clusters
lie within this plane and consist of rings with 10 atoms. (Two further
planes, located 2.52 Ä and 4.08 À underneath the topmost plane, are

not shown), (b) Complete, bulk-like termination. Only the topmost
two planes of the Mackay icosahedra are exposed to the surface,
showing up as pentagons with an Al (or Mn) atom in the topmost
plane, surrounded by five Al or Pd atoms underneath (indicated by
the pentagon in the figure). The PMI lie on a Fibonacci pentagrid, as

well as the larger and deeper holes indicated by the arrow.

first layer for which all atoms are taken into account in
the calculation. An optimization of the topmost interlayer
spacings led, however, to a very bad agreement between
theory and experiment (Rpe„diy = 0.68) so that this config-
uration can be ruled out.

Much better agreement was achieved for the "flat" sur-

face termination shown in Fig. 59b. A LEED calculation
for this termination leads to an Rpendry value of 0.38, thus
indicating that the surface is not strongly corrugated at an
atomic level.

The dense, Al-rich terminations found in the structure

analysis correlate with factors known to govern surface
compositions of crystalline alloys. At those simpler sur-

faces, one finds preferential segregation by components
with lower surface free energy, larger atomic volume and
more positive heat of solution [179]. The surface free en-

ergy typically is the dominant factor. The Al-rich termina-
tions found here are expected if these factors are taken
into account [179].

The LEED structural analysis of Al70Pd2|Mn9, as well
as the STM measurements by Schaub et al. [159], point
towards an atomically flat surface after the surface treat-
ment with sputtering and annealing: In order to get such a

flat surface it is necessary to anneal to temperatures close
to the melting point. While the LEED 1(E) data are consist-
ent with a surface which is flat on an atomic level, the
sharpness of the LEED spots indicates that the surface is
not rough on a larger scale of several 100 A (the coher-
ence length of the LEED beam). Otherwise, one would
expect a broadening of the spots due to the worsening of
the long-range order. In contrast, STM investigations of
AlPdMn prepared by in-situ cleavage revealed significant
atomic scale roughness [177], with cluster aggregates on
the surface formed on the basis of Mackay type clusters.
Although the surface morphology is different, many Mack-
ay type clusters are present also in the structure found by
LEED (cf. Fig. 59). They are, however, embedded within
an Al rich surface layer. It is also instructive to compare
the positions of the topmost atomic planes with the verti-
cal positions of atoms in a pseudo Mackay icosahedron
(PMI) oriented along a fivefold axis. It turns out that each
plane of the Mackay cluster has its counterpart in the
AlPdMn surface structure (see Fig. 60). This gives evi-
dence for many intact, Mackay type clusters in the surface
region, with some of the atoms in the surface layer being
the topmost atom of a PMI and the others filling in the
spaces between the PMIs to yield a flat surface.

The terminations found in this structure analysis com-

pare well with the step structure seen in STM (cf. Fig. 45
and Fig. 47). Next, one can try to correlate other surface
features seen with STM to local structures in the model
favored by LEED. One may speculate, for example, that
the fivefold symmetric holes seen with STM (Fig. 45) cor-

respond to Mackay clusters embedded within the topmost
layer. Both the fivefold symmetric holes and the Mackay
type clusters lie on a Fibonacci pentagrid. With the den-
sely packed surface of Fig. 59b, only the topmost two

planes are exposed to the surface, showing up as penta-
gons with an Al (or Mn) atom in the topmost plane, sur-
rounded by five Al or Pd atoms underneath. These Al/Pd
pentagons can be seen for all terminations found by
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LEED, and their orientation is always the same. Another
fivefold symmetric feature is the deeper and larger fivefold
symmetric hole marked by the arrow in Fig. 59b. These
holes are also located on the nodes of a Fibonacci penta-
grid and have the same orientation for all terminations.
Also this feature may give rise to the appearance of the
fivefold symmetric holes in STM.

Also for the twofold surface of Al7oPd2|Mny, LEED
1(E) calculations have been performed, which led to a very

Mackay cluster Optimum geometry
5-fold axis

0.48 Â
1.56 Â
0.48 Â
2.04 Â

2.04 À
0.48 Ä
1.56 Â
0.48 Ä

0.91 Â
1.48 Â

.

Al (+Mn)'

Al +Pd
Pd

-* Al +Pd + Ma
Al (+Mn)
Al (+Mn)
Al +Pd + Mn
Al +(Pd)
Al (+Mn)

2-fold axis
Al (+Pd)
Al +Pd + Mn

'-Al +Pd + Mn
Al (+Pd)

i-Al +Pd + Mn
Al (+Pd)
Al +Pd + Mn

0.91 A.

Fig. 60. The geometry of a pseudo Mackay icosahedron oriented
along a fivefold (twofold) axis, compared with the layer sequence of
the optimum geometry determined in the LEED analysis of the five-
fold (twofold) Al7oPd2|Mn<j surface. Grey: dodecahedron, black: ico-
sidodecahedron of the PMI (the small dodecahedron, with atoms ly-
ing 2.52 Ä underneath the topmost atom, is not shown. Each plane of
the Mackay cluster has its counterpart in the AlPdMn surface struc-
ture. The topmost layer of the structure found by LEED coincides
with the topmost plane of many Mackay icosahedra.

0 -1
(Bulk)

2 A

4 A

 Al (+Pd)
'Al +Pd + Mn

1 0.70 Â (0.91 Â)
I 1.45 A (1.48 A)

 Al +Pd + MnJ-Î 0.94 Â (0.91 Â)
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- -
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-]
I Al +Pd + Mn

1.47 Â (1.48 Â)
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Fig. 61. Optimum geometry found for the twofold AI7„Pd2[Mny sur-

face. Given are the topmost layer spacings, compared with their bulk
values (bulk values in parentheses). The planes are drawn at their
respective depths z, as bars with thickness proportional to the atomic
density in each plane, together with their approximate composition
(as labeled below).

similar result as for the fivefold surface; because of the
still unsatisfactory agreement between theory and experi-
ment, the results have, however, to be regarded as preli-
minary. As for the fivefold surface, also for the twofold
surface different terminations of the bulk configuration of
Al7()Pd2|Mny have been tested. The geometry found for
the twofold surface is depicted in Fig. 61. The topmost
layer has a high density and is Al rich. As shown in
Fig. 60 (bottom), for the twofold surface, as well as for
the fivefold surface, the succession of layer spacings in
the surface structure found by LEED and in a Mackay
cluster is identical. This provides evidence that many
Mackay type clusters are indeed present in the surface re-

gion also in the twofold surface, with some of the atoms
in the topmost layer being the topmost atom of a Mackay
cluster.

The structural analyses described above demonstrate
that LEED can be applied to the structural analysis of
aperiodic, quasicrystalline structures which cannot be de-
scribed using a surface unit cell of finite size. The approx-
imations newly developed for the LEED calculations of
quasicrystals were applied and checked for the
Al7()Pd2|Mn9 system, but they should work also for other
quasicrystals, especially if they consist of weaker scat-
tered, compared to Mn or Pd as, for example, the icosahe-
dral phases of AlLiCu and AlCuFe.

VI. Conclusions and outlook

In this review we demonstrated that the quantitative analy-
sis of low-energy-electron diffraction LEED data is a very
powerful tool to determine the atomic geometry of clean
and adsorbate-covered surfaces. Most of the present struc-
tural work was performed on well-ordered surfaces and
overlayers. It is possible to expand the application of the
LEED method to the cases of disordered systems with
well-defined local order by analyzing diffuse LEED inten-
sity data [180]. The complexity of surface structures,
which have been investigated by LEED, has advanced sig-
nificantly since the introduction of efficient automated
search algorithms [181] and the application of the Tensor
LEED approximation [156]. As a consequence, surface
structures with several dozens of structural parameters can

be treated by LEED although by far not routinely. The
main problem in determining complex surface structures is
a good initial guess for the surface structure in order to
pin down the true structure. In terms of optimization stra-

tegies, this represents the familiar problem of finding the
global minimum in the (R-factor) hypersurface. Promising
global optimization schemes are simulated annealing
[182], genetic algorithms [183], or maximum entropy
method [184] which was recently applied to surface x-ray
diffraction. These methods have, however, to be combined
with efficient approximation schemes because otherwise
they consume prohibitively much computer time. To make
further significant progress in LEED (and generally in sur-

face crystallography), one needs methods which are able
to find a good initial guess for the structure model. With
SXRD such methods are partially at hand with the two-
and three-dimensional Patterson analysis and the Fourier
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synthesis 11851. A big advantage of SXRD is also the pos-
sibility of breaking up the complexity of a surface struc-
ture into less complex pieces. In a first step, the projected
in-plane structure of the overlayer slab can be solved by
examining in-plane data only. In a second step, the out-of-
plane structure of the overlayer slab can be extracted from
the fractional order rods, and finally the registry to the
bulk like substrate can be determined by using the crystal
truncation rods.

Of course, even more attracting would be a direct in-
version of diffraction data into three-dimensional atomic
coordinates and images. Here we are faced with the so-
called phase problem which does not allow to derive the
phase information directly from the diffraction amplitude.
From optics, however, it is known that phase information
can be readily stored via holographic plates which rely on

the effect of interference of a reference and an object
wave. From this intensity modulation both diffraction am-

plitude and diffraction phases can be retrieved. The trans-
fer of the holographic idea to diffraction methods in sur-

face science started about 10 years ago [186, 187], and it
was considered promising to bring diffraction methods in
fashion in comparison to 'direct imaging' methods such as

STM. However, up to now, the application of holographic
reconstruction methods has been limited to simple and of-
ten already known surface structures. Most recently, Heinz
and coworkers [188] demonstrated that the conventional
LEED method in combination with a holographic recon-

struction method is able to supply useful structure infor-
mation on an unknown surface phase for the special case

that the unit cell is large and a single scatterer is dominat-
ing the diffraction amplitudes; this situation may, however,
not be encountered that frequently.

Another, more traditional approach to narrow down the
number of possible structure models is to combine the re-

sults of several surface-sensitive methods. In this context,
a particularly powerful combination of methods is SXRD
and LEED since these techniques are complementary in
many respects. We have seen that a long-standing pro-
blem, such as the atomic geometry of the Si(lll)—(3 x 1)
reconstruction, could be resolved by analyzing SXRD and
LEED data. Even more important, none of these techni-
ques alone would have been able to determine the com-

plete surface structure. It was just the synergistic effect of
both methods which allowed the unequivocal determina-
tion of this complex surface geometry.

The future of LEED and also of other diffraction tech-
niques is closely related to the issue of exploring and dis-
covering new and also fashionable fields in surface
science. One route could be the investigation of increas-
ingly more complex systems, such as coadsorbate systems
and how coadsorbate-induced structural changes are con-
nected with the interaction between the coadsorbed spe-
cies (cf. paragraph 1). Structure determination of moder-
ately large molecules beyond benzene represents another
future prospect. Another exciting track of the LEED meth-
od is to extend its application to electrochemically pre-
pared surfaces [189] and to surfaces where strong reac-

tions had taken place. LEED structural investigation under
reaction conditions in the mbar range would require the
use of a differentially pumped electron gun as already in

use for RHEED. Yet, SXRD would be the method of
choice if one is going to investigate structural properties at
surfaces under high-pressure and also in-situ electrochemi-
cal conditions. Further progress in LEED is also con-
nected with structural investigations of new materials like
SiC [190], GaN, and quasicrystals (cf. paragraph 4). Tem-
perature-dependent LEED measurements and their proper
simulations open the world of very soft adsorbate vibra-
tions, as demonstrated recently [191, 139]. Using short
electron pulses in a pump-and-probe way one can com-
bine the spatial domain in LEED with the time domain.
Thus, new physical phenomena could be explored, such as

the alteration of the atomic geometry of adsorbates upon
phononic and electronic excitation.

A further important route for future improvement in
LEED concerns the experimental data collection. In order
to determine complex structures, one needs a sufficiently
large experimental data set. For this reason, it is very help-
ful to measure also at off-normal incidence at various
well-defined angles using a high-precision goniometer. For
the structure determination of molecules at surfaces it is
necessary to improve the sensitivity of LEED by applying
(routinely) either high-sensitive CCD cameras or multi-
channel plates in order to reduce electron-induced dama-
oin ero'"a-
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