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parallel to the [1210] direction interrupted in [0001] direction either by single empty
rows (corresponding to a coverage of ® = %ML) or by dual empty rows (coverage of
%ML), see Figure 5.36.

Figure 5.36: Ball models representing the two possible Au(1x3) structural models.

The determination of the Au(1 x 1) structure and thereby a Stranski-Krastanov growth
mode of Au atoms on this Re surface is an important result, in that it will save both time
and effort in the theoretical investigation of Au phases with higher periodicities. In
fact, it is senseless to test possible Au adsorption sites other than the long-bridge for
the first monolayer and the 4-fold hollow for the topmost one (same as model (e) in
Figure 5.7 on page 69). Building a (1x3)-symmetry with an estimated coverage of
Oy, ~ 1.33ML = 0.66 BL doesn’t leave much space to other structures than the two
possibilities (A) and (B) illustrated in Figure 5.36.

Two reference calculations have been prepared for the Au(1lx3) structure. Given
that the phase shifts are more dependent on the chemical nature of the system than on
the geometry, and that it is more important that the chemical sites correctly be specified
in the reference calculation, it was unnecessary to re-calculate the phase shifts for the
(1x3) structure, and accordingly, those already calculated for the (1x1) phase were
used. The inner potential was taken as Vy = (11.8 4 5i) eV, whose real part was again
considered as a fit parameter.
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In the case where the superlattice has a periodicity different from that of the bulk,
two types of layers must be considered, toplayers with a 3-fold periodicity (1x3) and
underlayers with bulk periodicity (1x1). A schematic view of models (A) and (B) is
shown in Figure 5.37. Each one of them consists of a 4 sublayer slab (2 Au +2 Re
layers) separated from the Re bulk by a distance dp,;;. This quantity was also subject to

variation.

%6%%%° ¢%%%%°® -
(A) ®=4/3ML (B) ® = 5/3 ML [0001]

Figure 5.37: Schematic view of the varied distances in the Au(1x3) structures.
Distances d;; and b; were all simultaneously varied with thermal vibrational amplitudes for each structure,
see Table 5.16 on page 122.

This slab contains 10 inequivalent atoms for structure (A) and 11 such atoms for (B),
this means that the location of any of these atoms is reproduced 13.368 A, i.e. three unit
meshes, further in the y direction. The optimised distances from the Au (1x1) phase
were, for consistency, taken as initial values for both reference structures (A) and (B).

The reference calculation, performed for 12 diffracted beams (8 integer + 4 fractional-
orders), yielded an Rp-factor of 0.47 and 0.45 for structures (A) and (B), respectively.
A thorough optimisation of both structures was, unlike as for the (1x1) phase, neces-
sary. It was performed by submitting thermal vibrations and geometrical displacements
to a simultaneous variation, namely, the optimisation of a set of 20 and 22 independent
parameters, respectively. Another constraint in comparison to the (1 x1)-symmetry was
that additionally to the vertical displacement z, atomic displacements in the y direction
had now to be considered.
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The optimisation of both structures led to Rp = 0.31 and 0.21 for structures (A) and
(B), respectively. The total energy range is 1748¢V, which yields a statistical error,
var(Rp) = 0.03. Structure (A) can therefore in principle be ruled out.

In Figure 5.38, where calculated LEED-/,V spectra are plotted for structures (A)
and (B), three major discrepancies between theory and experiment are to be noticed.
At E = 50¢eV in the (0,1) beam, between 180¢V and 200¢V in the (1,3) beam, and
between 90¢eV and 140¢€V in the fractional-order beam (0,4/3). Additionally to the Rp
value, these three locations represent a strong argument against structure (A). Indeed, it
was by no means possible to improve the fit quality in these regions, whereas the curves
for structure (B) show a much better agreement with the experimental ones.

Thermal vibrational Reference Best fit value  Best fit value

amplitude vi[A] structure ®=4/3ML ©=5/3ML
Au-layer (#1) v(Auy) 0.18 0.02 0.15
V(Aup) 0.18 — 0.15
v(Aujz) 0.12 0.06 0.07
Au-layer (#2) Vv(Auy) 0.12 0.14 0.12
v(Aus) 0.12 0.06 0.12
V(Reg) 0.07 0.12 0.08
Re-layer (#3) v(Re7) 0.07 0.09 0.08
V(Reg) 0.07 0.09 0.05
v(Reg) 0.06 0.01 0.06
Re-layer (#4) v(Rejp) 0.06 0.04 0.06
v(Req;) 0.06 0.01 0.06

Inner potential (Vy,) 11.80eV 12.20eV 12.80eV

Rp-factor 0.47/0.45 0.31 0.21

Table 5.15: Thermal vibrational amplitudes compared for the tested Au(1x3) models.
Note that in Figure 5.39 the number of atoms is limited to 10 for structure (A). That is why there is no
V(Auy) in this case.
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Figure 5.38: LEED-/,V curves for models (A) and (B) with % and %ML coverages.

The extended calculation for structure (B) with @ = %ML is plotted in orange dashes.
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Distance Reference value Best fit value for (B)

Vertical displacements [A]

di 0.83 0.73
by 0.00 0.03
s 1.73 1.72
b, 0.00 0.02
daa 0.76 0.73
bs 0.00 0.02

dpuik 1.53 1.50

Horizontal displacements [A]

ai » 4.456 4.636
ass 4.456 4.116
as 7 4.456 4.356
aio,1 4.456 4.436

Table 5.16: Optimised geometrical displacements for the Au(1 x 3) structure (B).

The optimised thermal vibrational amplitudes for both structures are summarised
in Table 5.15. These optimised thermal vibrations result from the minimisation of the
Pendry R-factor simultaneously with the geometrical displacements. The v; values are a
solid indicator for the credibility of the optimised structures and can thus help ruling out
the incorrect ones. Nevertheless, the “best fit” values are to be more taken as a plausible
estimation rather than an accurate value. We estimate that a variation of up to +0.02A
per atom and per iteration doesn’t affect the fit. Here, too, another argument stands
against structure (A). That is the very low thermal vibrational amplitude, v(Au(l)):
0.02 A, characterising the topmost Au atom.

The Debye temperature for the topmost Au layer can directly be deduced from the
van Hove interpolation in the appendix (Figure 9.6 on page 148), and has a value @p =
185(£15) K. Au atoms in the layer below are inequivalent, the Debye temperature char-
acterising atom Au®®) is @p = 425(+60) K, whereas it has a value ®p = 240(+20) K for
atoms Au*3)_ This difference can be explained by the fact that the trough created by the

(4.5)

missing row in structure (B), Figure 5.37, leaves atoms Au with a lower coordin-

0

ation? in comparison to that of atom Au®® . In Table 5.16 we show that the shortest

20In structure (B) in Figure 5.37, the atom Au®) is surrounded by 6 atoms from a two-dimensional
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interlayer distance Au(!?) —A®) = 0.73(£0.02) A, while atoms Au*>) are by 0.03 A
deeper than Au®). On the other hand, the distance between atoms Au®) and Au®
in the y direction, aj, = 4.636 A, is by 4% larger than the pseudomorphic unit mesh,
which gives account of a repulsive interaction between the two Au atoms in the ridge.
This is accompanied by a flattening of the Au topmost rows, which is illustrated by a
difference of 10% in the Au-Au interlayer distance between the (1x3) and the (1x1)
phase. The flattening of the topmost Au rows (atoms Au1:2) acts as a driving force
that brings trough atoms Au(*%) closer to each other. This manifests itself by the calcu-
lated distance, a4 5 = 4.12(40.02) A, which is by 7.6% smaller than the pseudomorphic
value.

The topmost Re layer also exhibits a lower thermal vibrational amplitude for atom
Re® in comparison with that of atoms Re(®7). This can be interpreted as a direct
consequence to the relaxation sustained by atoms Au*Y) in the z direction (d(Au*Y)-
Re(g)) = d(Au(3)—Re(6’7))+O.O3 A. The Debye temperature associated with Re®) is
around 680(£100)K , while for atoms Re(®7) it fluctuates around 380(£40) K. The
fourth Re layer is characterised by a homogeneous vibrational amplitude, which corres-
ponds to ®p ~ 520(+98) K. Additionally, atom Re(®) is located by 0.02 A deeper than

10,11)

atoms Re! . All these displacements are illustrated by a rough schematisation, cf.

Figure 5.39.

[1010]

[0001]

(B) ® =5/3 ML

Figure 5.39: Side view of Au and Re atomic displacements in Au(1x3) structure (B).

The pseudomorphic positions are indicated by red and green discs.

Concerning the lateral displacements, we note that atoms Re(6’7), in the third layer,

(10,11)

undergo a slight compression of about 2.2%, whereas atoms Re hardly leave their

(4.5)

perspective, while each of atoms Au are surrounded by 5 atoms.
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pseudomorphic location and are only by 0.4% closer to each other.

In terms of atomic distances, in the two Au layers, we find Aul?) — A4 =280
(£0.02) A and Au") — Au®) = Au® — Au® = 2.66(£0.02) A2'. We recall that in the
Au(1x1) phase, the distance Au(!) — Au(® = 2.75(+0.02) A. In the layer underneath,
we find distances Au(®) — Re(®7) =2.79(£0.02) A and Aul*) — Re®) =2.70(40.02) A.
The distances in the Re layers are also affected in that Re(®7) — Re(®) = 2.69(+£0.02) A
and Re(® — Re(1011) =2 .71(40.02) A. The distance to the bulk is found to be dj,; =
1.50(i0.02)1& with atom Re(®), the deepest one, as a reference, the buckling in the
fourth Re layer increases dp, to 1.52(40.02) A.

The Au(1x4) Phase

Upon increasing the Au coverage beyond ® = ?ML, the (1x3) fractional-order LEED
spots become elongated in [0001] direction, gradually shift, and eventually split until
they reach the quarter positions and form a well-developed (1x4) structure, see Fig-
ure 5.40. While they coexist, (1x4) domains grow at the expense of the (1x3) domains
and the diffraction pattern can be considered a linear superposition of domains with
various lengths, a situation described e.g. by Ertl and Kiippers [16].

Figure 5.40: Au/Re(1010) (1 x4) LEED pattern.

Measured at an room temperature with an electron energy of E, = 79¢V [33].

In the beginning of section 5.4.2.2 we discussed structure models of the (1x3)
phase and pointed out that the real-space structure could be described by a model with

21 Au") is the atom equivalent to Au(!), and is located above and at the right of Au® in Figure 5.39.
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Ouy = %ML or by a model with @4, = %ML. Both the Rp-factors (0.31 and 0.21, re-
spectively) and the thermal vibrational amplitudes were in favour of the latter model
(with the (1x1)-like Au bilayers interrupted only by a single missing row). It is there-
fore reasonable to transfer the “single missing-row” principle also to the Au(1x4) phase.
The consequence of this is that the minimum coverage for the (1x4) phase should ex-
ceed Oy, = %ML, confirmed for the (1x3) structure.

In order to verify this assumption and to corroborate the hypothesis of a “single
missing-row” in the Au(lxn) structures an additional experimental /,V data set for
the Au(1x4) phase has been considered. Unfortunately, due to the limited visibility
of the fractional-order spots, only a rather small electron energy range of 10 — 100eV
was accessible. Regardless of this restriction, the theoretical I,V calculations for the
two possible models, with ® = 8 ML (double missing rows in [1210] direction) and
® = 7 ML (single missing row) were performed, see Figure 5.41.

The optimisation of the Au(1x4) phase by means of TensErLEED yielded a total
Pendry R-factor, Rp = 0.44, for structure (A), with a local coverage ® = g =15ML.
More precisely, the Rp-factor for integer spots was Rjyee = 0.27 and R4 = 0.59 for
the fractional-order ones, whereas for the structure model (B), ® = 47'1 = 1.75ML, con-
vergence is reached for Rp = 0.40 (Rjpeg = 0.24 and R4 = 0.55).
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Figure 5.41: Ball models representing the two possible Au(1x4) structures.
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Figure 5.42: LEED-I,V curves for models (A) and (B) with coverages g and %ML.
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At this point, it is difficult to settle the matter for structure (B) given that our
data set only has a width AE = 559¢V, which makes the statistical error, var(Rp) =

0.40 \/g = 0.1. This may be considered somewhat too large to rule out structure (A)
with a value of 0.44. This can also be seen from Figure 5.42, where it is obvious that
the fairly limited quality of the data prevents the obtention of Rp-factors as low and
conclusive as those found, for instance, for the (1x1) and the (1x3) phases. Still, we
rely on the visualisation of the spectra, which shows an almost inexistent intensity in the
(0,2/4) beam concerning model (A). Moreover, structure (A) exhibits two distinct peak
discrepancies in the region between 50 and 80eV in beam (0,1/4). This gives a slight
but relevant advantage to the (1x4) structure (A) with a single missing row as expected
for the logical phase sequence: (1x3)—(1x4) with a local coverage ® = %ML.

Figure 5.43: Growth sequence of Au on the Re(1010) surface .

We admit that the structural parameters for the Au(1x4) phase could only be cal-
culated coarsely due to the scarcity of data points. Nevertheless, our calculations can
certainly serve as a starting point for further experimental investigations on this system
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and might even help understand coverage-dependent structural developments of similar
systems. The structural parameters used for the reference calculations on the Au(1x4)
phase are presented in Tables on page 102 and 5.11 on page 103, because the same
values as for the Ag(1x4) phase were used.

In a previous experimental investigation of the system Au/Re(1010) the double
“missing-row” model was applied to the (1x3) and (1x4) phases with local coverages
of @(1%3) = % and @14 = g, respectively [34]. The LEED analysis of the respect-
ive I,V curves provided in the present work led, however, to somewhat higher local
coverages of 2 = 1.66 ML and % = 1.75ML. Hence, at higher coverages gold phases
with increasing n (5 and 6) would then correspond to local coverages of % and %ML
until the (1x1) bilayer is reached at 2ML. This can be illustrated by the expression
e1xn) (n) = (2nn_—1) , for n > 3, and in Figure 5.43, where the Au growth is shown as
a sequence of single missing-rows structures, in which, with increasing coverage, the
distance between the single missing-rows is increasing.

Note that thus, the present work proves the original coverage assumptions based
merely upon deposition times and constant deposition rates, i.e. @(1%3) = %ML and
eUx4) — %ML, to be erroneous: The real space structures for the Au(1x3) and (1x4)
phases are found to be in both cases structure (B), see Figures 5.36 on page 118 and 5.41
on page 125.
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Conclusions

The investigation of the (1x1) LEED structures of Cu, Ag, and Au on the Re(1010)
surface revealed that the three metals follow the morphology determined by the Re sub-
strate, i.e. the Re crystal directs the adsorbate growth. Nevertheless, the three deposited
metals exhibit differences due to their atomic size. Only the relatively small Cu, with a
negative lattice misfit, grows seemingly strain-free in bilayered islands, without forming
any long-range ordered superstructures. The investigation of experimental 7,V curves
for Cu at higher coverages, 1 BL < O¢, < 2.5BL, showed that Cu continues to grow
bilayer-wise, thereby retaining the Re hcp morphology. Atomic distances could be de-
termined for up to 4 ML of Cu with decreasing accuracy. The corresponding (1x1)
LEED pattern was in fact observed even for O, exceeding 8 ML, but accompanied by a
pronounced increase in the diffuse scattering background [38]. Ag and Au, on the other
hand, appear to compensate the strain due to their positive lattice misfit by the formation
of commensurate missing-row superstructures. Still, these two elements clearly differ
from each other, and even though the Ag radius is slightly bigger than that of Au, this
does not suffice to explain the observed dissimilarities: Au forms domains, whereby
strain is relieved by the adjustment of the distance between missing rows according to
the amount of deposited material. Therefore, the local coverage changes with the global
one, giving rise to the observed series of (1 xn) superstructures. This hints to the form-
ation of larger scale domains opposing to smaller Ag (and Cu) 2D islands. In contrast
to this, Ag adapts to changes in the global coverage by adjusting the ratios between
its two (1x4) domains with different, but constant, local coverages and uncovered Re
patches. This strategy seems to be less successful at higher coverages, causing Ag to
grow not as homogeneously and fill higher layers before the first bilayer is completed.
In the case of Au films, a very low Rp-factor was obtained for the bilayer, pointing
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out that it is closed before higher layers are populated. Therefore, only Cu and Au
show a real Stranski-Krastanov growth behaviour, whereas Ag tends more towards the
so-called simultaneous-multilayer (SM) growth mode. Additional future TPD measure-
ments for Au/Re(1010) should clarifiy this aspect. Furthermore, Ag is the only one of
the three metals to exhibit a temperature-driven order-order phase transition. The sub-
bilayer (1x4) phase reversibly turns upon heating into a c(2x2) phase, that only exists
at elevated temperatures.

The formation of two-dimensional islands due to fairly strong attractive mutual in-
teractions between the atoms in each of the three metallic films, leads to major diffi-
culties in the unequivocal determination of surface coverages based merely upon LEED
superstructures, because of the discrepancies between the global and the local cover-
ages. In the case of the Ag(1x4) phase, this aspect is further complicated, as the LEED
pattern observed in a broad coverage range does not originate from a single homogen-
eous layer, but from the combination of two coexisting island domain structures with
(1x4) periodicity alongside remaining uncovered Re patches. This means that, inter-
estingly, the (1x4) phases formed by both Ag and Au are similar but physically not
identical! Again, this nuance can not be related to differences in their atomic diamet-
ers, but only to the differences in their electronic structures. In this respect, further
experimental investigations of these systems by, e.g., electron spectroscopies (angle-
resolved ultraviolet photoelectron spectroscopy (ARUPS), near edge X-ray absorptiom
fine-structure (NEXAFS) measurements, etc.) or X-ray diffraction are desirable. One
example of this kind is provided by the field emission study of silver on rhenium by Al-
Rawi and Jones [1]. More insight could, of course, be gathered by quantum-chemical
calculations of metal-on-metal systems using, e.g., density functional theory. Unfortu-
nately, studies of this kind are so far relatively scarce.

The experimental research work of C. Pauls and V. Scherf has provided insight as to
how the growth and phase formation of metallic films on a chemically active transition
metal surface like Re can be affected by coadsorption of reactive gases such as carbon
monoxide. In his thesis work [33] Pauls has shown that the Au(1x3) phase formed on
the Re(1010) surface can undergo a compression to a (1x4) or even a (1x5) phase by
the 2D spreading pressure exerted by coadsorbing CO. Likewise, Scherf [44] could not
rule out that the phase transition (1x4)<+c(2x2) might be driven by CO coadsorption
and desorption. CO exposure to the Re(1010) surface at 500K exclusively yields the
dissociated species C and O, as was deduced from the respective high-temperature de-
sorption states (with desorption energies ranging from185 kJ /mol to 210kJ /mol) exhib-



131

iting second-order reaction kinetics, and the formation of a sharp (1x2) LEED pattern
with maximum brightness at @cp = 0.25 ML (O¢ + ®p = 0.5ML) [35]. This supports
the idea that strongly bound chemisorbed C and O atoms compete with Ag as they
do with Au for adsorption sites on the Re surface (in the case of Cu, no influence of
CO was observed). In this respect, the occurrence of the CO-induced (1x2) LEED
superstructure is an important experimental observation, and its structural analysis is
highly desirable. Therefore, in addition to the theoretical work on the metal/Re sys-
tems, LEED-1,V curves for the CO(1x2) phase have been measured for 21 different
integer- and fractional-order beams in the energy range 40 —370¢eV, see Appendix on
page 142. Unfortunately, it was not yet possible to elucidate the real-space structure,
even though a large number of reference models were tested. Therefore, these data
remain as a challenging task for a future TensErLEED analysis.



Chapter 7

Summary

This thesis deals with the computational surface determination of various long-range
ordered phases formed by thin films of copper, silver, and gold adsorbed on the rhenium-
(1010) surface. It is based upon LEED-/,V curves for these phases that were recorded
in the course of detailed experimental investigations of the respective films carried out
in our group (using techniques such as LEED, MEED, and TPD). In order to solve the
intricate puzzle of surface structural analysis, the electron elastic scattering behaviour of
the investigated coinage metal phases was calculated using the Erlangen TensErLEED
program package. Thereby first a set of theoretical LEED-I,V curves is derived for
a guessed reference structure. Subsequently its structural input parameters are varied
in a trial-and-error procedure until optimal agreement between experiment and theory
is attained. The (1x1) phases formed by the deposited metals were tackled first to
establish an absolute coverage calibration and to elucidate the respective growth modes
on the Re(1010) surface. In all three cases the (1x 1) structure is developed best at a
coverage Ocyag.au = 2ML = 1 BL. Extension of the investigation to experimental 7,V
curves for higher Cu coverages revealed that this element continues to grow bilayer-
wise, thereby retaining the Re hcp morphology.

Ag, in contrast to Cu and Au, happens not to grow as homogeneously, and the TPD
data suggest that Ag films exhibit the so-called simultaneous-multilayer (SM) growth
mode. The following analysis of the sub-bilayer coverage range shows that the three
systems exhibit considerable differences. While Cu, having a negative lattice misfit
compared to Re, shows no long-range ordered superstructures, Ag and Au with a similar
positive misfit form a couple of such phases. Ag features both a (1x4) phase, stable at
ambient temperatures, that upon heating transforms into a c¢(2x2) phase that only exists
at elevated temperatures. The structure corresponding to the Ag(1x4) phase could not
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be unambiguously resolved. The TensErLEED computations rigorously performed for
the two most plausible structures with global coverages, @1 %% = 1.25 ML and 1.75 ML,
did not significantly differ in the Pendry R-factor. Yet, the determination of the c(2x2)
phase, occurring at a temperature of 700 K, was more successful: The best coincidence
between theory and experiment was found for an elongated filled honeycomb-like struc-
ture. This structure has the additional advantage that it requires relatively little atomic
rearrangement for the transformation into the low-temperature (1x4) phase. The local

coverage ©°(2x2)

= 1.5ML of the c(2x2) structure defines the global coverage limits
within which the reversible phase transition c(2x2)<>(1x4) takes place. From this, we
could deduce that the (1x4) phase consists of a combination of domains with the two
possible structures, consistent with previous STM observations.

A third scenario is provided by Au. In the experiments, with increasing coverage a
series of (1xn) LEED superstructures with n= {3,4,5,6} is observed independent of
the temperature. The series ends with the aforementioned (1x 1) phase at the bilayer
coverage. The Au(lxn) structure sequence could be elucidated fully by a thorough
analysis of just the (1 x3) phase. This structure consists of a pseudomorphous Au bilayer
in which every third row of the topmost layer is replaced by a missing-row. The higher
(1xn) structures are then formed by omitting every n’” row. In this way, the system is
able to compensate the elastic strain caused by the lattice misfit between Au and Re.

All in all, the structural analyses carried out in the present thesis work have suc-
cessfully provided answers to various open questions that arose from previous work
performed in our group on the adsorption and growth of Cu, Ag, and Au films on Re
and Ru surfaces alike.



Chapter 8

Zusammenfassung

Die hier vorgelegte Doktorarbeit beschiftigt sich in der Hauptsache mit der quanti-
tativen Strukturbestimmung von ferngeordneten Kupfer-, Silber- und Goldfilmen, die
wihrend der Adsorption dieser Metalle auf einer Rhenium(1010)-Oberfliche gebildet
werden. Im Zuge der experimentellen Arbeiten an diesen Systemen innerhalb un-
serer Arbeitsgruppe (hauptsichlich mittels LEED, MEED und TPD) wurden auch so-
genannte LEED-/,V-Kurven aufgezeichnet, welche die Oberflachenstrukturinforma-
tion beinhalten. Um aus der Menge der moglichen Oberflachenstrukturen die tatsich-
liche herauszufinden, wurde im Rahmen dynamischer Elektronenstreurechnungen das
Streuverhalten der untersuchten Phasen mit Hilfe des Erlangener TensErLEED-Pro-
grammpaketes berechnet. Jede anfingliche Referenzstrukturannahme fiihrt dabei zu
einem Satz von charakteristischen LEED-/,V-Kurven. Daraufhin werden durch eine
Suchroutine die Struktureingangsparameter so lange systematisch variiert, bis die best-
mogliche Ubereinstimmung zwischen experimentellen und berechneten LEED-/, V-Kur-
ven erreicht ist. Zunidchst wurden in dieser Weise die (1 x1)-Phasen aller drei Metalle
behandelt. Dies ermoglichte es, einerseits eine Kalibrierung der quantitativen Ober-
flachenbedeckungsgrade und anderseits Informationen iiber die Art des Filmwachstums
zu erhalten. In allen drei Fillen sind die (1x1)-Phasen dann am besten ausgebildet,
wenn eine Bedeckung Oc, 4 4« = 2ML = 1 BL (Monolagen, Bilage) erreicht ist. Die
genaue Analyse von /,V-Daten bei hoheren Bedeckungsgraden zeigt, dal Cu weiter in
Bilagen aufwichst und dabei zunichst die Re-hcp-Struktur beibehilt.

Im Gegensatz zu Cu und Au wachsen Ag-Filme deutlich weniger homogen auf,
sondern unterliegen dem sogenannten simultanen Multilagenwachstum. Im Bereich un-
terhalb der geschlossenen ersten Bilage weisen die drei betrachteten Metallfilme erheb-
liche strukturelle Unterschiede auf. Das im Vergleich mit Re kleinere Cu bildet keiner-
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lei Uberstrukturphasen. Dagegen beobachtet man beim groBeren Ag zwei geordnete
LEED-Strukturen, eine (1x4)- und — bei hoheren Temperaturen — eine c(2x2)-Phase,
die beim Heizen aus der (1x4)-Struktur entsteht. Die Ag-(1x4)-Phase 148t sich nicht
eindeutig durch eine einzelne Struktur erkldren. Die TensErLEED-Rechnungen fiir die
beiden plausibelsten Oberflichenstrukturen, mit den globalen Bedeckungsgraden von
©(1*4) = 1.25ML bzw. 1.75ML, unterschieden sich im Hinblick auf den Pendry-R-
Faktor — ein MaB fiir die Giite der Ubereinstimmung zwischen Experiment und Theorie
— nicht signifikant. Eindeutig war hingegen die Strukturbestimmung der c(2 x2)-Phase,
die bei 700K auftritt. Es wurde eine dem Re-Substrat gemif} in einer Richtung ge-
stauchte, gefiillte Honigwaben-Atomanordnung gefunden. Der Vorteil dieser Struktur
ist, daB verhiltnisméBig wenige Diffusionsschritte erforderlich sind, um daraus eine der
beiden moglichen (1 x4)-Phasen zu bilden und umgekehrt. Der lokale Bedeckungsgrad
der ¢(2x2)-Phase von ©°(2%2) = 1.5 ML definiert gleichzeitig den Bereich der globalen
Bedeckungsgrade, innerhalb dessen der reversible Phaseniibergang c(2x2)<+(1x4) auf-
tritt. Daraus ergibt sich, daf die (1 x4)-Phase eine Kombination von Doménen mit den
zwei moglichen Strukturen ist. Dies ist in Ubereinstimmung mit vorhergehenden STM-
Untersuchungen.

Ein drittes Szenario zeigen die Au-Filme, die — unabhéngig von der Temperatur
— im Subbilagenbereich mit steigender Bedeckung eine Reihe von (1xn)-Strukturen
mit n= 3, 4, 5, und 6 bilden. Sobald die Bilage geschlossen ist, findet man dann
die bereits erwihnte pseudomorphe (1x1)-Phase. Mit Hilfe der hier durchgefiihrten
LEED-Rechnungen konnte die Struktursequenz der (1 xn)-Phasen insoweit aufgeklért
werden, als das Bauprinzip der zuerst auftretenden (1x3)-Phase berechnet und dann
auf die (1x4)-, (1x5)- und (1x6)-Phasen iibertragen wurde. Die (1 xn)-Strukturen sind
so aufgebaut, da3 ausgehend von der Bilage jede n-te Reihe in der oberen Atomlage
ausgelassen wird. Auf diese Weise konnen elastische Spannungen, die eine Folge der
positiven Gitterfehlanpassung des Au sind, ausgeglichen werden.

Insgesamt haben die Strukturanalysen der hier vorgelegten Arbeit erfolgreich zur
Beantwortung einer Reihe von offenen Fragen im Zusammenhang mit der Adsorption
und dem Wachstum von Cu-, Ag- und Au-Filmen auf der Re(1010)-Oberfliche bei-
getragen.
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Chapter 9

Appendix

Carbon Monoxide on Rhenium(1010)

Molecular and dissociative adsorption of CO on the Re(1010) surface occur at low and
high temperatures, respectively [35]. Dissociated CO shows two LEED superstructures:
a lower coverage c(2x4) phase and a higher coverage (1x2) phase.

The c(2x4) is only faintly visible, that is why only 7,V spectra for the (1x2) phase
could be measured. The experiment shows that the ¢(2x4) phase has half the coverage
of the (1x2): O,(2.4) = 5O(1x2).

Figure 9.1: CO(1x2) LEED pattern at 7 = 135K.

The thermal desorption of the molecular ¢-states is complete at 500 K and that of the
dissociative 3-states doesn’t begin below 550 K, therefore the preparation of the (1x2)
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structure was done at S00K.

The experimental procedure consists in the following steps:

Oxidative cleaning at 7 = 1200 K, followed by flash-heating up to 1800 K until a
well-defined high-contrast LEED (1x 1) pattern of clean Re is observed.

Cooling the sample down to 130K with liquid nitrogen.

Flash-heating the sample up to 1200K to remove all the CO adsorbed during
cooling.

Adsorbing CO at 200K, offering a dosis of 4 L.
Heating up to 500K to desorb all molecular CO and dissociate the remaining CO.

Offering 1L of CO at 500K to ensure the surface is completely filled with disso-
ciated CO. The surface was held at 500K for 5 min.

This leads to a well-ordered (1x2) phase with high contrast. The LEED-I,V curves
were measured at low temperature (N cooling). The residual gas pressure in the cham-

ber during measurements was: p = 2.0 x 10~ mbar.
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CHAPTER 9. APPENDIX

Intensity [arb. units]
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Figure 9.2: Experimental LEED-1,V curves for the CO(1x2) phase.
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Thermal Vibrational Displacements
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Figure 9.3: RMS displacement of Re atoms as a function of the Debye temperature
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Figure 9.4: RMS displacement of Cu atoms as a function of the Debye temperature
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Figure 9.5: RMS displacement of Ag atoms as a function of the Debye temperature



148 CHAPTER 9. APPENDIX

0.3

—— Van Hove interpolation

— Thermal classical limit

0.28¢ — Zero-point amplitude

0.26

0.24*

0.22;

Gold, T=300 K

0.1;

0.08¢

0.06}

0.04}

0.02f

100 200 300 400 500 600 700 800 900 10(
Debye Temperatur®@, [K]
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Author Przyrembel [39] Pauls [33]
beam Emin(eV) Emax(eV) AE (eV)  Enin(eV) Emax(eV) AE (eV)
0,1) 50 340 291 50 230 181
(1,0 50 340 291 50 230 181
(1,1) 50 340 281 50 230 181
0,2) 50 340 291 50 230 181
(1,2) 90 340 251
(0,3) 165 340 176
(2,0) 116 340 225
(2,1) 140 340 201
X (AE) 2007 724
Table 9.1: Experimental energy ranges for the Re(1 x 1) phase.
Diffraction order =~ Minimum energy =~ Maximum energy Energy width
(beam) Enin(eV) Emax(eV) AE (eV)
(0,1) 74 341 268
(1,0 38 342 305
(L1 46 342 297
0,2) 80 320 241
(1,2) 81 339 259
0,3) 183 330 148
(2,0) 128 325 198
(2,1) 191 341 151
Y. (AE) 1867

Table 9.2: Experimental energy ranges for the Cu(1x 1) phase with ®¢, =2ML.
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Diffraction order =~ Minimum energy ~ Maximum energy Energy width

(beam) Enmin(eV) Emax(eV) AE (eV)
0,1) 49 337 289
(1,0) 42 336 295
(1,1) 44 334 291
0,2) 83 336 254
(1,2) 77 336 260
0,3) 133 336 204
(2,0) 113 337 225
(2,1) 167 335 169

X (AE) 1987

Table 9.3: Experimental energy ranges for the Cu(1x1) phase with ®¢, =3ML.

Diffraction order =~ Minimum energy =~ Maximum energy Energy width

(beam) Emin(eV) Emax(eV) AE (eV)
0,1) 45 341 297
(1,0) 35 340 306
(1,1) 45 340 296
0,2) 57 342 286
(1,2) 77 340 264
0,3) 106 342 237
(2,0) 128 342 215
(2,1) 160 340 181

Y (AE) 2082

Table 9.4: Experimental energy ranges for the Cu(1x 1) phase with ®¢, =4 ML.
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Diffraction order =~ Minimum energy =~ Maximum energy Energy width

(beam) Enin(eV) Emax(eV) AE (eV)
0,1) 52 336 285
(1,0) 44 313 270
(1,1) 45 335 291
0,2) 81 340 260
(1,2) 83 336 254
0,3) 111 334 224
(2,0) 147 335 189
(2,1) 197 339 143

Y. (AE) 1916

Table 9.5: Experimental energy ranges for the Cu(1x 1) phase with ®¢, = SML.

Diffraction order =~ Minimum energy =~ Maximum energy Energy width

(beam) Enin(eV) Emax(eV) AE (eV)
0,1) 30 311 282
(1,0) 47 311 265
(1,1) 46 311 266
0,2) 46 272 227
(0,3) 118 288 171
(2,0) 165 311 147
(2,1) 136 311 176
(3,1) 145 311 167

L (AE) 1701

Table 9.6: Experimental energy ranges for the Ag(1x1) phase.
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Diffraction order =~ Minimum energy ~ Maximum energy Energy width

(beam) Enmin(eV) Emax(eV) AE (eV)
0,1) 76 198 123
(1,0) 70 316 247
(1,1) 52 318 267
(0,2) 59 352 294
(1,2) 90 352 267
0,3) 121 258 138
(2,0) 144 295 152
(2,1) 141 352 212
0.4) 203 352 150

(0,3/4) 57 158 102

(0,7/4) 47 307 261

(1,3/4) 47 299 253

Y (AE) 2466

Table 9.7: Experimental energy ranges for the Ag(1x4) phase.

Diffraction order =~ Minimum energy =~ Maximum energy Energy width
(beam) Enin(eV) Emax(eV) AE (eV)
0,1) 90 317 228
(1,0 50 352 303
(1,1) 60 280 221
(0,2) 62 269 208
(1,2) 147 311 165
(2,0) 256 355 100
0,4) 261 352 92
(1/2,172) 33 107 75
(1/2,3/2) 56 243 188
Y. (AE) 1580

Table 9.8: Experimental energy ranges for the Ag-c(2x?2) phase.
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Diffraction order =~ Minimum energy =~ Maximum energy Energy width

(beam) Enin(eV) Emax(eV) AE (eV)
0,1) 32 249 218
(1,0) 32 249 218
(1,1) 43 249 207
(0,2) 50 249 200
(1,2) 91 225 135
(2,0) 136 249 114
(2,1) 141 249 109
(1,3) 156 249 94

(0,4/3) 32 189 158

(0,2/3) 32 94 63

(0,5/3) 36 197 162

(1,2/3) 48 117 70

Y (AE) 1748

Table 9.9: Experimental energy ranges for the Au(1x3) phase.

Diffraction order =~ Minimum energy =~ Maximum energy Energy width

(beam) Enin(eV) Emax(eV) AE (eV)
(0,1) 17 100 84
(1,0) 32 100 69
(L,1) 45 100 56
0,2) 35 100 66

(0,1/4) 17 100 84

(0,3/4) 17 100 84

(0,5/4) 19 52 34

(0,2/4) 17 98 82

L (AE) 559

Table 9.10: Experimental energy ranges for the Au(1x4) phase.
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Diffraction order =~ Minimum energy ~ Maximum energy Energy width
(beam) Enmin(eV) Emax(eV) AE (eV)
0,1) 42 340 299
(1,0) 33 342 310
(1,1) 45 342 298
0,2) 51 342 292
(1,2) 87 342 256
0,3) 118 342 225
(2,0) 140 342 203
(2,1) 143 342 200
(1,3) 148 342 195
(2,2) 184 342 159
0,4) 221 342 122
(1,4) 255 342 88
(2,3) 250 342 93
(0,1/2) 21 100 80
(0,372) 39 342 304
(1,172) 36 342 307
(0,5/2) 78 342 256
(1,572) 119 342 224
(2,1/2) 127 342 216
(0,712) 187 342 156
(1,7/2) 196 342 147
Y (AE) 4430

Table 9.11: Experimental energy ranges for the CO(1 x2) phase.
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