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Abstract

Experimental requirements for measuring the structure and coverage of
adsorbates in the monolayer regime on single crystals with X-ray standing
wavefields are discussed in detail together with a thorough description
of the theory. The near surface region of Cu crystals was probed depth
selectively by detecting K as well as L fluorescence as a function of
fluorescence escape angle. The effect of crystalline imperfections and of
dispersive crystal arrangements on the spatial resolution of standing

wave measurements is described. Copper crystals with (111) and (100)

surface orientation were used as substrates for electrodeposition of Cd
and Tl from an aqueous electrolyte using cyclic voltammetry. Submonolayer
amounts of Cd and Tl deposited in the underpotential range were investi-
gated on the emerged electrodes with X-ray standing waves keeping the

samples under atmospheric pressure, in air or in inert atmosphere.



1. Introduction

More than 20 years have passed, since Battermann proposed to utilize
an X-ray interference effect, occuring when reflecting a plane X-ray wave
from a perfect crystal, for structural Investigations of impurities in
single crystals [1]. After about 10 years of scarce recognition by the
physics community, an increasing number of publicetions over the last ten
years has turned the go called X-ray standing wave (XSW) technidue into
an established tool in solid state physics. This was due to the boost in
analyzation power by the use of synchrotron radiation sources [2] and the
particular strength of the XSW technique in determining the structure of
surface adsorbate systeme with high spatial resolution in real space (3,
4,5]. Different from other scattering techniques like low energy electron
diffraction (LEED) or surface X-ray diffraction {SXD), no phase informa-
tion is lost in the XSW analysis [6]. Furthermore, the XSW technique is

unambiguously element-specific.

As & limitation of the method wses frequently seen that the XSW
technique can only be applied to flawlessly perfect single crystals. Thua
it was assumed that only few semiconductor crystals, such as 51 and Ce,
which exhibit a virtually perfect crystal structure could be used as
specimens. Howsver, this restrictions of the XSW technique is exaggerated
which has been prooven in two different ways. Firstly it was demonstrated

that other crystals than semiconductors (like Cu [7], GGG (8], LiNb03

[9]) can be grown perfectly enough to serve as substrates for XSW

measurements. Secondly, modifications of the XSW technique were implemen-
ted which can (a) significantly relax the requirements on the substrate
crystal structure or (b) even lift them completely. This is done in case
of (a) by performing XSW measurements in backscattering geometry [10,11)
while (b) is realized by using 0-th order Bragg reflection (total exter-

nal reflection) or reflections from synthetic multilayer structures [12].
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Either for intensity purposes or tunability of energy the use of synchro-

tron radiation is crucial for all these cases.

In the present study we use Cu-crystals as substrates. Some of the
specimens were of unique quality (no dislocations) while others exhibited
a moderate dislocation density. We show how we analyzed the crystal
structure of these substrates and evaluate carefully, to which extent the

observed defects may affect the interpretation of XSW data.

While we appreciate that it is dincreasingly recognized that the
requirements on the crystal structure do not pose a serious limitation in
the application of the XSW technique, oversimplification of the technical
requirements should be avoided. One factor which can limit or destroy the
resolution of the technique is often neglected and this is phase contrast
and, intimately connected, dispersion. If an X-ray wave characterized by
a certain volume in phase space, 1i.e. a spread in energy, angle and
space, 1s reflected by a single crystal, the reflected energies are
spread in space (dispersed). A rainbow-like X-ray wave is produced since
Bragg's law requires a certain relationship between X-ray eusrgy (wave-
length) and angle of incidence, defined by the particular crystal and the
selectsd diffraction planés. If such & dispersed X-ray weave is incident
on a second crystal the whole wave is only reflected simultaneously from
this crystal if there 1s & match between angle of incidence and energy
for each individual espot on the crystal. This is ideally fulfiiled only,
if the two crystals are of the same kind, reflecting by the same diffrac-
tion planes and are in a parallel-, (+,-)-setting. We call this crystal
arrangement non-dispersive. However, for XSW measurements non-diaspersive-
ness is not sufficient to guarantee good contrast for the modulation of
the X-ray interference field which serves as probe for the structure of
atomic arrengements. Questions concerning dispersion and phase contrast

will be discussed in more detail in section three of this paper.
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In the main part of the paper we will report investigations with XSW
on the structure of adsorbates on Cu surfaces: TL on Cu(lll) and Cd on
Cu(lll) and Cu(100). Since the mensuremeﬁts were performed under normal
gas pressure {normal ambient or inert gas), some caution is adviged in
the interpretation of the results in comparison with measurements mede
under UHV conditions. However, monolayers of Tl on Cu(lll) exhibit an
unusual stability and no change in the X5W results was observed over
periods of days while the specimens were kept under normal ambient condi-
tions. The adsorbates were deﬁnaiced by electrochemical methods and
additional information on the deposits like binding energy, coverage and
to some extend about the c¢leanliness of the substrate surface are

obtained by cyclic voltammetric measurements.

Finally, in the appendix we will present a thorough description of

the XSW analysis.

2. XSW Date Analysis

only & brief description of the XSW analysis is given in this
gection and the interested reader is referred for more details to the

appendix,

A standing wave pattern is excited by Bragg-reflecting a plane x-ray
wave from a single crystal [13]. For an XSW measurement, the reflected
beam intensity and the inelastic and diffuse scattering from the sample
(e.g. fluorescence) is monitored simultaneously but independently as
function of ¢ or X while passing through the narrow range of strong Bragg
reflection by tuning either the reflection angle J of the sample (as in

the present case) or the wavelength A of the incident radiation. As shown

[
in the appendix, the yield Ye of & particular fluorescence line can be

expressed as

Yy = Ip/Tg = e(4, 1) (LR, N42RE.DE, cos(v(d,M)-2v8, 1} (1)
with fluorescence intensity IF' off-Bragg-intensity I;, extinction pre-
factor e(¥#,X), ieflectivity R(#,)1), coherent fraction fc.m' wavefleld
phase v(#,)), coherent position ﬁb,m and reflection order m. When the
fluorescence arises from a thin surface layer, e(d,A) = 1. If the
fluorescence originates from substrate atoms or foreign atoms distributed
isotropically within the substrate, e(d,A) = dglde < 1, with do as
function of ¥,) (see equ. (A22)). Here dé is the extinction depth of the
X-ray wavefield as a function of Bragg angle whereas de is the extinction

depth for zero reflectivity.

A theoretical expression for R(#,A) egu. (A.10) is fitted with three
free parameters (angular gain, hngular offset, maximum reflected intensi-
ty) to the experimentally obtained reflectivity data. Since this deter-
mines the angular scale and because R(¥,)) and v(d,X) are calculated from
dynamical theory of X-ray diffraction (DTXD) [13], only four undetermined
parameters are left in fitting (YFI;) to the fluorescence intensity IF
recorded as a function of angle. If e(#,A) = 1, only three parameters are
left and I;, fc.m and Qh,m are determined by such fit. In some cases
mentioned below, e.g. when the Gu K substrate fluorescence was evaluated,
® was fixed and e(¥,)) varied via a (equ. A22) to determine the depth

c,m

de sampled by the X-rays.

It is useful to relate QC o to & perameter z, which is associated
)

with the distances of the fluorescence selected atomic species normal to

the diffraction planes via



z, = (Gc + n} dhlm (2)

where dh is the substrate diffraction plene spacing (for the first
allowed reflection of a set of parallel diffraction planes) and n is an

integer counting the multiples of the spacing. In general, z represents

A
& weighted average of the distances of the entire number of sampled
adsorbate atoms measured normal to the diffraction plane (compare equ.

(A23) £.f.).

1f the adsorbate atoms occupy & single site normal to the substrate

diffraction planes, z, gives this position directly.

3. X5W Measurement and Phase Contrast

Equ. (1) holds exactly only for a perfect plane wave incident on a
perfect single crystal with a perfectly flat surface. In reality, the
incident wave 1is a section of a spherical wave ('pseudo plane") and

_crystal and crystal surface exhibit defects. Before we present experimen-
tal investigations on the Cu-crystal lattice perfsction, we will discuss
in this chapter the effects of the X-ray optical properties of monochro-

matorg and samples on an XSW measurement.

A Du Mond diagram for an XSW crystal arrangement is shown as example
in Fig. 1. The black trapezoid represents the emittance of the monochro-
mator which illuminates the sample crystal (represented by the wide
stripe with AAE. AJBJ. The angular range Adm, transmitted by the mono-
chromator, is at a asynchrotron radiation source basically defined by the
(small) angular divergence of the synchrotron x-ray beam (including
effacts of source and slit size). The width AAm of the stripe, and also

in part Aﬂm. is determined by the used monochromator c¢rystals via the
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widths of their single crystal reflection curves, The angular range Aﬂm
and the width AAm can, for example, be reduced if one of the monochroma-
tar crystals is reflecting asymmetrically with grazing incidence. A par-
ticular value of v(#,)) defines a particular position of the wavefield
nodal and antinodal planes with respect to the diffraction planes. As
clearly visible, lines of equal phaase v(#,A), giving the same position of
the XSW pattern in the sample crystal, are consecutively excited by
rotating either the monochromator double crystal arrangement relative to
the sample, which will cause vertical movement in wavelength (A-scan), or
the sample cryatal relative to the monochromator which wili cause hori-
zontal angular displacement of the sample curve (¥-scan). A third type of
scan, also in the vertical direction, can be realized by changing the
lattice parameter d of monochromator or sample via temperature or pressue
(d-scan). Good resolution in v(#,A), i.e. emall Av, is cbtained if Adm <<

AJ  and AX << A) .
8 m 8

Fig. 2 shows schematically three different crystal arrangements
(Fig. 2a) and the corresponding Du Mond representations (Fig. 2b). At
least two consecutive crystal reflections are commonly used in X-ray
monochromators at a synchrotron radiation source. The direction in which
v{A,¥) changes by m rad across the astripes representing the acceptance of
the samples is indicated by arrows. It is obvious that case I is Dbest
suited for an XSW measurement since it allows to perform A- and d.scans.
Case II can only bs used for A scanning. In case III phase contrast can
only be obtained at the wings of the rocking-curve. These different
approaches and intermediate cages for XSW measurements can be selected
via the photon wavelength, reflection vector, asymmetry factor [14, 6}

and crystal material.

Finally, the influence of lattice imperfections on XSW measurements

will be discussed. The requirements for the perfection of the crystal
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lattice of monochromator or sample can be estimated from the derivative

of Bragg's law

M = (AF + Adi) cot &+ Ad/d (3)

In order to obtain the requested Av, strain expressed by |Ad{ > 0 and
angular misalignment of different crystal arseas (Aﬂ_ > 0) or subgrains,
(Adi > D) have to be small. Strain and small angular spread (e.g. mosaic
spread) in the sample are illustrated in a Du Mond dimgram in Fig. 3. The
emittance from the (perfect) monochromator 1s again represented by the
black trapezold. The curves in the insert represent echematically (A,d)-
cu:;es of the undistorted sample (1), a part of the sample strained by Ad
(2) and a part aof the sample tilted by Adi (3). Thus, the Du Mond repre-
sentation of the sample 1s given by three different stripes (1,2,3) since
the undistorted, strained and tilted parts of the crystal are excited
with a different phase (vl, Vo v3) via the monochromator and the overall
phase information is blurred by Av. It is obvious that restricting the
beam to a small area of the sample reduces the influence of imperfections
and thus Aﬂi and possibly cures this problem. Strain effects, however,

cannot always be eliminated by reduction to small sample areas.

4. Characterization of Crystalline Lattice Perfections

In our present study we have employed three different methods to
characterize the Czochralski grown Copper single crystals. Namely, double
crystal topography [15], double crystal rocking curve measurements, and
XSW measurements analyzing the K and L fluorescence from the Copper
substrates. All cylindrical Copper samples with diameters between 9 and
12 mm were single crystals, grown either in [111] or [100] direction. 1In

order to avoid mechanical damaging from cutting and polishing they were
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carefully electrolytically cut as well as electrolytically polighed

[16,17].
4,1 Double Crystal Topography

The experimental set-up used for topographic investigations is shown
in Fig. 4. Two analog feedback stabilization units (MOSTAB) [1B] were
used to keep monochromator and sample crystals aligned in angle during
exposure of a film., With a silicon (44D) monochromator, copper (222} and
(400} reflections were used for the (11l1) and (100) samples, respective-
ly. A change of contrast of about 5% on the topographs recorded on the
slope of the rocking curves ag 50X reflectivity corresponds to strain or
angular misalignment of A#f¢ = Adfd 10_6. Fig. 5 shows topographa of
small areas of two different Cu sample crystals which have a large
difference in dislocation density (DD). Such topographs do not only show
the effect of strain and dislocations but features of the topography of
the surface of the crystal as well. If present, a curvature for instance
will cause local changes of the asymmetry parameter within the area illu-
minated by the X-ray beam and will therefore not only affect the width
and shape of the rocking curve but also locally the wavefield intensi-

ties.

4,2 Double Crystal Rocking Curves

Rocking curves of the crystal were measured by changing the engle of
the sample crystal relative to the monochromator (#-scan). Such curves
are shown in Fig. Sc. As can be seen, a rounded, more symmetric top of
the curve and an increase in intensity in the wings is an indication of
the imperfection of the crystal. However, the width of the rocking curve

itself is not a very sensitive measure of the perfection of the crystal.
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4.3 XSW Substrate Fluorescence Measurement

A very sensitive method to characterize a crystal and its possible
use gs substrate for studying adsorbates with XSW measurements is the XSW
analysis of the pubstrate fluorescence itself. The experimental set-up
used for this purpose isa shown in Fig., 6a. A NaI(Tl) detector and a
$1(L1) solid state detector monitored the Bragg reflected X-ray beam and
the scattered photons, respectively. Both signals were detected as a
functidn of reflection angle ¢ within the angular range of the Bragg
reflection. A comprehensive description of XSW fluorescence meagurements

is given in [19,2,6].

The measured angular dependence of the Cu K, fluorescence yleld is
shown for two different crystals with different DD in Pig. 7. Measure-
ments for two different take-off angles o (see Fig. 6b) are alao
illustratad. As seen from equ. (A22b), If sufficiently small, o mainly
determines the depth over which atoms contribute to the fluorescence
yield. Thus, if o = 10° the mean sampled crystal depth de = 1.7x10‘ &,

whereas for « = 0.8°, 4, = 1800 .

The data were given a least squares fit to equ. (1) using three
fitting parameters I;, o and fc and setting Qc = 0. For DD = 300 cm_z. fc
= 0.960 + 0.005 was determined by the fit whereas fc = 0,91 % 0.02 for DD

-2
2000 cm “. Since the theoretical value is fc = DWlll = 0.97 [20] (see

also equ. A31, A32), the influence of the dislocation density on‘fc is

clearly visible.

A measurement of the Cu.L fluorescence yield i1s illustrated in Fig.
8. Since the energy of the Cu L lines (0.9 keV) is much lower than that
of the Cu-xc line (8 keV), the absorption coefficlent N becomes large

thus reducing the sampled depth de from which fluorescence reaches the
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detector. For the examples shown, the fluorescence was measured with a
take-off angle o = 8° which corresponds to de = 150 &. The xz-fit to the
data gives fc = 0.67 + 0.04 with Qc = 0.00 + 0.02. The reduction of fc by
317 in comparison to the ideal wvalue 0.97 is a clear indication of a
decrease in the lattice perfection closer to the surface because it was
proven by topography that the crystal was dislocation-free. Since ¢C =
0.00 as expected, only shallew surface region are randomly disordered
normal to the surface. This 1s in agreement with the observation that the

cocherent fraction of the adsorbates never exceeded 70%.

All of the methods discussed above were used to characterize the
copper samples before using them as substrate for XSW measurements to
atudy the structure of adsorbates. The chosen examples alsp demonstrate
that these methods are not only valuable for characterization, but also
as test for selecting proper crystals for XSW measurements. Even Aif
modifications of the XSW technique are used allowing measurements on
samples with less perfect crystalline lattice structure as discussed in
the introduction, characterization techniques like those described above

are almost a necessity.

5. Adsorbate Preparation and Cyclic Voltammetry (CVM)

Adsorbates were deposited on the surfeces by underpotential deposi-
tion (UPD) from an electrolyte. The adsofption process was monitored by
linear sweep voltammetry with a set-up as shown in Fig. 9. The (111) or
(100) faces of the cylindrical Cu single crystal rods (Cu) were immersed
into the 0.5 Mol Na, 50, electrolyte which contained either 1 mMol 'rlNO3

259

or 1 mMol CdSO4. The electrochemical glass cell was equipped with two

side compartments for the platinum counterelectrode (C) and for the

saturated Calomel reference electrode (R). A closed stopcock to the side
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compartment with R prevented any eignificant exchange of chemical species
while enabling low current transfer. Nitrogen (Nz) was flowing through
the aolution and the inmer part of the cell to reduce the oxygen partial
pressure in the solution., In order to prevent exposure of the emerging
crystal to air, the electrolytical cell was additionally kept inside a
glove bag with "2 atmosphere during deposition of Cd. The voltage druop
across the Cu electrolyte interface was controlled by a three-electrode
potentiostat. Current-potential diagrams (voltammograms) were obtained

with an x-y recorder.

The sample surface was cleaned initially by cycling the electrode
potential periodically several times within the range limited by the
onset of Cu oxydation on one side and bulk metal deposition on the other.
The anodic and cathodic charges became belanced after several minutes
cycling in an oxygen-free cell and solution. For X5W measurements, the
sweep was stopped in the cathodic direction at a fixed potential and the
sample was removed from the solution. During removal, care was taken to

peel off the electrolyte completely.

Three anodic stripping curves, recorded immediately before removal
of the sample, are shown in Fig. 10. Fig. 10b was recorded with trace
amountg of oxygen in the cell atomosphere. Although not typical for this

kind of preparation [7]), the Tl stripping peak D is visible here.

Basically, the adsorbate coverage can be calculated from the
voltammograms when the exposed Cu surface area and the sweep frequency
are known. However, values for the double layer charging, the degree of
charge transfer and the degree of surface roughness are in addition
needed, but usuaslly not accurrately known and thus coverages eUPD'
calculated from the voltammograms, exhibit relatively large margins of

error.
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From the potential difference AU =~ U between the potentiale of

s8~Ysy
bulk (USB) and UPD (USU) stripping peaks, the adsorbate binding energy

EBA can be calculated using E_, = edAD + E, with the electron charge e,

BA s
and the adsorbate bulk material binding energy (sublimation energy) E

s
[22,23). Additional information about the kinetice and the ordering of
the adsorbate phase can be deduced from ghe peak half-width 8U {23]. A
large (narrow) peak width is expected for repulsive (attractive) adsor-
bate-adsorbate interaction. For ¢d on Cu{lll) AU = -0.29 V and 6U = 90
mV, whereas AU = «0.20 V and U = 90 mV for Cd on Cu(l00). In the case of
Tl on Cu(lll) AU = -0.33 V and U = 50 mV. Using sublimation energies
[21] Es = 1.88 eV and 1.16 eV for Tl and Cd, respectively, the adsorbate

binding energies E_, are 2.21 eV (Tl/ Cu(ll1l)), 1.45 eV {Cd/Cu(111l)) and

BA
1.36 eV (Cd/Cu(l00)).

6. X-Ray Standing Wave Measursments

The experimental set-up ls shown in Fig. 6 and discussed in chapter
4.3. Cu crystals with dislocation densities < 2000 cm'2 were used as sub-
strates with (100) and (111) surface orientation. The Si(Li) detector
recelved photons from a 30 mm2 illuminated surface spot in a solid angle
of 0.1 sr. A Ge(220)/81¢220) slightly dispersive (2] double crystal
monochromator was used. The XSW analysis of the Cu K fluorescence yield
gave coherent fractions between 0.81 and 0.93 whereas ideally fc ~ 0.97,
The reduction of fc originates from the slight curvature of the crystail

surface.

6.1 Cd on Cu(111)

Because of the reactivity of the Cd/Cu system with air, all samples

were kept under protective atmosphere throughout preparation and XSW
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measurement, A typical spectrum of scattered photons at a fixed
reflection angle ¢ is shown iIn Fig. 11. Fig. 12 shows the Cu(lll)
reflectivity and the corresponding background corrected Cu L and ¢d L
fluorescence yields recorded as function of #. The energy of the incident
X-rays (E1) was 6.9 keV. From the spectra shown in Fig. 11, it is obvious
that only negligible amounts of sulphur from the electrolyte remained on
the emerged electrode crystals. The Cd coverage was determined by compa-
ring the Cd L fluorescence iIntensity with the fluorescence intensity of

an implanted standard sample.

Results of several meamsurementa are compiled in Table 1. The phase

Cu Cu
@, is converted into the distance z, = (1 + & )d,, with d;], = 2.09 A.
All listed adsorbates were deposited at an electrode potential USCE =

-0.7 V. However, comparable coverages ecd (= eFl) also remained on the
surface when the electrode wms extracted at potentials positive with
respect to the UPD peak position, No changes of fc. Qc and ecd were
observed when the sample was kept under He atmosphere during the XsW
study. Exposure to air, however, produced variations of OC and fc with
time. Also given in Table 1 are the values for f:u and Qg“ as determined
from the analysis of the Cu substrate fluorescence. The reduced coherent
fraction indicates some imperfections of the crystal in the surface

region. However, the values 02“ indicate that there is no systematic

error involved in the analysis of adsorbate positions.
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6.2 Cd on Cu(l00)

Using for (100) surfaces the same procedure (inert He atmosphere) as
described for the measurement of Cd layers on (111) surfaces produced
coherent fractions up to 302 (fc = 0.3) but gave no consistent results in
Qc. If exposed to open ailr, coherent fractions &s high as 0.3 dropped to

zero immediately, demonstrating the high reactivity of this interface.
6.3 Tl on Cu(lll)

Tl layers were prepared in oxygen-fres electrolytes as well as elec-
trolytes containing trace amounts of oxygen. After extraction of the
electrode, the layers exhibited no structural changes in air and all XSW
meagurements were performed under normal amblent conditions. The primary
prhoton energy was ET = 15.3 keV and a 0.4 mm thick Al adsorber was placed
in front of the S8i(Li) detector to prevent the data acquisition system
from being overloaded by the strongly excited Cu K fluorescence radia-
tion. The coverage BTl (= eFl

by ueing the off-Bragg substrate fluorescence Intensity as a reference.

) was determined with the help of equ. [A38)

Results of several measurements are compiled in Table 2 and shown in
Fig. 13. For the case of an oxygen-free electrolyte, Tl was deposited at
a potential of -0.57 V. With an oxygen containing electrolyte, the
potential for deposition before extraction ranged from -¢.33 V to -0.83
V. As for the case of Cd on Cu, adsorbates of Tl were also detected on
the Cu surface when the electrode was extracted at potentials positive

with respect to U = -0.50 V, which marked the position of the UPD peak

SCE
and appeared to be the same when oxygen was present in the solution. When
the Tl adsorbate was ringed with water right after electrode extraction,

the total Tl coverage @ decreased whereas the coherent coverage e, = e-fc
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and the phase & remsined constant. This clearly shows that only randamly

distributed Tl was removed by the water rinse.

7. Discussion

The XSW measurements reveal that sizeable amounts of the adsorbate
were already deposited on the surface when the electrodes were held at a
potential positive with respect to the UPD peaks. This can best be seen
by preparations 3,4,5 of the T1 adsorption. However, the adsorbate
position z, as determined by XSW did not differ significantly from the
result z, from other preparations. Note in this context, that the
coverage eUPD determined by CVM wes always smaller than eFl determined by

fluorescence analysis of the emerged electrodes.

This indicates & strong gradient in the concentration of metal ions
in the inner Helmholtz layer in a potential range positive with respect
to the UPD peak. As a result of the equilibrium condition at the solid-
electrolyte interface, the metal ions may already be physisorbed or even
stronger specifically adsorbed on the electrode surface at potentials
where no charge tranafer ia observed by CVM. Strong evidence for specific
lonic adsorption at potentials positive with respect to the UPD peak has
also been found for TL on Ag by Second Harmonic measurements [24]. How-
ever, for the present case only an in-situ measursment can separate out

the effect of the electrode extraction.

The difference in stability of the three systems in oxygen
atmosphere can directly be related to the experimentally determined
binding energies. Cd on Cu(l00) with the lowest EB = 1.36 eV is most

unstable and exposure to air led to rapid random disorder. ¢d on Cu(1ll)

with EB = 1.45 eV was stable in inert gas but showed a response to air
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which finally led to disorder. Tl on Cu(11l) with largest EB - 2.21 eV
wag stable in air and even water did not sffect the measured =adsorbate

position.

An explanation is needed for the fact that the total coverages of
all adsorbates remained well below 1 ML and that total and coherent
coverage varied for different preparations with the same applied
potential before electrode extraction. The surface of the Cu sample was
electrolytically polished in standard grade HSPDA and impurities may have
been left on the surface which possibly were not removed by cycling the
potential as described above., CVM performed with Cu(l1ll) grown on mica
under ultra clesn conditions in UHV yielded higher coveragee and more
pronounced, sharper peake in the voltammograms [25]. The disorder of the
substrate revealed by XSW analysis of the substrate fluorescence can also
indicate roughening of the Cu surface due to the process of electrolyti-
cally cycling [26] and may have given rise to some adsorption on random

surface sites.

In order to discusss structural models for the UED overlayers, the
binding geometry for high aymmetry sites on Cu(lll) are plotted in Fig.
14. Bond lengths (Table 3) were calculated for comparison from averaged
z, values by assuming an unrelaxed Cu surface and metallic radii for OCu,

Cd and T1. Appendix A2 summerizes the used constants and equations.

For the TL/Cu(1lll) interface, Table 3 (column 2) shows that & one-
fold adsorption site can be excluded since it would require a 11 com-
pression of the Cu-~-Tl bond length (= sum of metallic radii), A
distinction between an exclusively twofold (A2) and an exclusively
threefold (A3) site, however, cannot be made from the results of the

measurements. Thus, an occupation of both sites with equal weight as
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shown in Fig. 15 is also possible. This one dimensional chain model is

similar to the arrangement found on Cu(l100) [27,28].

Trace amounts of oxygen in the K electrolyte change the Cu(1l1l)
surface structure. The smaller z value of the Tl atom relative to the Cu
surface can be explained by an -0.4 A inward relaxation of the top Cu
layer relative to the bulk diffraction planes ([29,7). However, a
different model involving oxygen incorporation below the top Cu layer in

a threéfold site [30] is also consistent with the XSW measurement.

For Cd/Cu(1ll) the onefold site can also be excluded. Between sites
A2 and A3 and mixtures of both, however, cannot clearly be distinguished
from the messurements. A similar discussion holds as for the T1/Cu(lll)
overlayer. Note, however, that the larger stripping peak half width 8Ucd

= 90 mV in comparison to 3V = 50 mV indicates a less attractive Cd-Cd

Tl
interaction in the overlayer, making a chain like structure as in Fig. 15

of the Cd less and & single site occupation more likely.

B. Conclueion

Czochralski grown Cu single crystals were studied with double
crystal diffractometry, high resolution topography and X-ray standing
wave analysis. Although dislocation-free crystals can be prepared, it wae
demonstrated in addition that high resolution XSW analysie can be carried

out using substrate crystals which have a moderate dislocation density.

Overlayers of Tl and Cd on Cu(lll) and Cd on Cu{l00) were prepared
by underpotential deposition. Since high coherent fractions were measured
with XSW fields, it can be concluded that the distribution functions

describing the poeition of the adsorbates mnormal to the surface have

20
sharp maxima indicating preferentisl adsorption sites. This means, that
T1 and Cd at coverages < 1 ML form ordered phases on Cu(lll) which are

stable at atmospheric gas pressure.

Binding energies were deduced from voltammetric measurements and
were used to explain the different stability of the layers when exposed
to mir. For the T1/Cu(111l) system the dependence of the adeorbate struc-
ture an the surface oxydation state of Cu in the electrolyte was clearly
demonstrated. For the geometrical structure of the Cd and T1/Cu{lll)
interfaces, adsorption on a onefold on top site is excluded. The results
are consistent with models using twofold andfor threefold adsorbate
sites. However, measurements of other Fourier components, specially those
in directions tilted relative to the surface, are needed to determine the

lateral structure in more detail.
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Table 2. XSW results of T1 on Cu(lll) measurements.
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Table 1

o
~—

b)

prep. potential H,0 9 fl position %a 0.=F O, €D mﬁp\mfvo
no. vs SCE rinse rarm. (111)
(V) (ML) Hmv (ML) (ML)

1 -0.55 0.32 0.21+0.03 2.3920.04 a.07

2 -0.55 0.37 0.28+0.03 2.42+0.03 0.10

3 -0.33 3.13 0.49+0.04 2.37+£0.03 0.06

4 -0.41 0.05 0.662D.06 2.25%0.03 D.03

S -0.48 0.14  0.33:0.04 2.2230.06 0.05

6 -0.59 D.22 0.25:0.03 2.27+0.06 0.06

7 -0.60 0.24 0.26+0.04 2.26+0.06 0.06 0.26 1

7 -0D.60 Gc.08 0.6520.11 2.31+0.05 0.05

B -0.70 0.27 0.19+G.03. 2.290.07 0.05

2 -0.77 0.35 0.24:0.04 2.34+0.06 0.08
10 -0.83 0.38 0.1720.04 2.41+0.08 0.06

1 ~0.57 0.31 0.11:0.04 2.72:0.06 0.03 0.17 1.8
2 -0.57 0.16 D.40+0.06" 2.68+0.02 0.06 0.16 1

3 -0.57 D.13 0.63+0.08 2,65x0.02 0.08 g.14 1

a) preparations performed out of cN containing electrolyte

b)

¢d on Cu(lll)} results of measurements.
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Table 3: Results on Cu(1l1l); Cu-Tl and Cu-Cd bond lengths lA calculated

from the XSW results for three different adsorption sites.

1 2. 3
fes M M M
Pogition 1A AlA’lA lA AJAflA 1A AlAflA
{4 %) (&
Onefold, Al 2.27 -25% 2.67 =11 2 2.37 -14 X

(2.67) (-111)

Twofold, A2 2.61 -132 2.96 -2 2 2.69 -3 2

(2.96) (-2}

Threefold, A3 2.71 =102 3.05 +1.32 2.7% +0.72

(3.05) (+11)

The bond lengths, 1A' resulting from the different adsorption sites, are
calculated using eqs. A39-41 and taking for z,, the experimentally deter-
mined, averaged values z, Additionally listed are the thus resulting
relative changes AlAflA#in bond length with 1? = 3.01 4 and 2.77 & for T1
and Cd, respectively. The used symbols 1A' 1M

A
appendix A2. Columm 1: UPD of Tl on Cu(lll) out of oxygen-containing

and AlA are defined in

electralyte with z, = (2.270.04)A 8y, < 0.3 ML, no rinse [7]). In
brackets are noted the results calculated for an inward relaxation of the
Cu(111) surface by 0.4 A. Column 2: UPD of Tl on Cu(lll) out of oxygen-
free electrolyte with z, = (2.67% 0.02)4 (8p, < 0.3 ML), Column 3: UPD of

Cd on Cu{lll), out of oxygen-freé electrolyte with z, = (2.37+0.02)4,
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Figure Captions

Fig. 1

Fig. 2

Crystal srrangemsent mt a synchrotron radiation source in the Du
Mond representation. The phase difference v(J,A) between the

reflected and incident X-ray waves E, and Eo respectively is

H
constant along the thin lines within the broad stripe which
represents the sample crystal reflection band. The black
trapezoid 1s the emittance from the monochromator. Good
modulations of the wavefield intensity within the lattice unit
cell requires a small Av in which case @c and fc (Eq. 1) can be
determined with high precision. The shown case basically
represents a parallel or (+,-)-setting but the diffraction

spacings of sample and monochromator, d, and dhm respectively,

hs
are different. However, since Aﬂm is small enough, such
slightly dispersive arrangements denoted as (+{(-),-) can be

used routinely at synchrotron radiation sources.

a) Three different crystal arrangements at a synchrotron
radiation source. The f£first monochromator crystal ml is
reflecting symmetrically and the second one (m2) asymmetrically
[14). For case I and III the d-spacing of monochromator (m2)
and sample (5), dm and ds respectively, are matching well and
thus 0m o~ 05. For case II, Am is chosen such that 68 is large,
preferably ~ 90°.
b) The same crystal arrangements in the Du Mond representation.
The emittance from the monochromator is given by the black

trapezold. The direction in which v(#,X) changes by = rad is

indicated.



Fig. 3

Fig. 4

Fig. 5

Fig. 6
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Du Mond representation of subgrain angular misalignment and
lattice strain. 1 : ideal case (dh, 03); 2 1 strained 1atticg
(dh+Ad. JB); 3 : misaligned grain (dh. GB+Adi). The inset

showe the whole Du Mand plot but case 2 and 3 are exaggerated.

Experimental set-up for double crystal topography. Three slits
(81, 82, 53) confine the synchrotron X-radiation beam from the
storage ring DORIS. An electronic analog feedback circuit ([18]
(MOSTAB) senses the output of ilonization chember (Il) and
drives a pilezo crystal to keep the monocchromator crystals
aligned. A second MOSTAB senses the output of the Nal-detector
and keeps the sample crystal at 2 507 reflectivity during
exposure of the film. Distance from monochromator to sample
200 cm; distance from sample to film 6 cm. Normally the film

plane is placed parallel to the sample surface.

a,b) Topogrephs from two different Cu crystals. The sections
shown correspond to 0.6x0.6 mm2 surface area. (222) reflec-

tion, E1 = 8.6 keV. c) shows the Cu(222) reflection curves
taken for the same spots as shown in a and b. Dislocation den-

aities are about 300 cm > and 20000 cm 2

for 2a and b, respec-
tively. o,+ exp. data points for a,b respectively; --- theore-
tical rocking curve fitted in width and height to data points;

FWHM =~ 37 prad.

Sample environment in an XSW measurement. The arrangement from
DORIS up to the ionization chamber 1is as shown in Fig. 4 with
proper crystals X1, X2 selected for XSW measurements. In
specinl cases a filter (A) was used in front of the Si(Li).

b) Detector geometry; note, that the $i(Li) detector (Det 2) is

usually placed as shown in part a), looking almost into the

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig, 11

Fig. 12
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direction of the polarisation vector of the incoming o pola-

rized SXR.

XSW measurement of Cu K fluorescence radiation from an illumi-
nated Cu surface area of 2.5 mmz. Measured (+++) and calculated
(#ee} Cu(lll} reflection curve; (ooo) experimentally determined
fluorescence yield; (—=) fit to the experimental points.

Two different dislocation densities DD and take-off angles o

were used.

X5W measurement of Cu L fluorescence yileld; symbols as in Fig.
7. A surface spot of 2 30 mm2 was illuminated during the XsW

scan.

Electrolytical cell and experimental set-up for cyclic voltam-
metric measurements, Pot. = potentiostat, Rec. = X-Y recorder,

R = reference electrode, C = counter electrode.

Anodic stripping curves. The bulk stripping peak is marked by M
and the UP stripping peak by D. A prebulk stripping peak (P in
Fig. 10b) was observed for Tl if M was not too large. The high
increase of current in 10b) for U > -0.4 V was typical if

oxygen was present (compare Ref. 7),

Part of a spectrum of 512 channels total, recorded by the

R

Si(Li) and stored in the MCA for a particular angle § (0—08

120 prad in Fig. 12). A section is multiplied by a factor 5.

Measured and calculated XSW reflectivity (4++,¢¢s) and Cd L

(ooo,—) and Cu L (xxx,-~-) fluorescence yield curves.



Fig. 13

Fig, 14

Fig. 15
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XSW results for Tl on Cu{lll)
; preparations out of oxygen-free electrolyte.
o 1 preparations out of oxygen-containing electrolyte.
0 : preparations out of oxygen-containing electrolyte and
rinsed after electrode extraction with HZO.

For BT > 1 ML the Tl position shifts to higher values.

1
Binding geometries on Cu(11l) in a) side and b) top view. One-
fold (Al), twofold (AZ), threefold (A3) positions and the

(1= 1, ..,3} to the surface. :M

corresponding distances z Cu

Al
is the metallic Cu radius.

Model for Tl adsorbate structure on Cu(lll). If the Tl is loca-
ted precisely at AZ and A3, the T1-Tl bond length is reduced by
4% compared to the metallic T1-T1 bond length. If all chains

are aligned parallel, the saturation coverage is 0.4 ML.
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APPENDIX

Al XSW Dats Analysis
Al.1l Calculation of reflectivity, phase and wavefield intensity

Following the well established concepts of dynamical theory of x-ray
diffraction (DTXD) [13], interference between the incoming and reflected
x-ray waves gives rise to a planar wavefield parallel to and periodic
with the diffraction planes if a plane x-ray wave is Bragg reflected by &
perfect single crystal. In the condition of Bragg reflection the photon
wavefield resonantly sdopts the spacing of the H Fourler component of the
charge density distribution function if H is the diffraction vector
giving rise to the reflection under consideration. The charge demsity p
as a lattice periodic function can be represented as a Fourler series

(vector symbols are omitted in subscripts)

p{r) = H Py exp(-2wiHex) (Al)

The effect of anomalous dispersion on the scattering process leads

from the charge density to the complex scattering density ps(g)

P lx) = (1/Vc) § Fy exp(-2vHer) (A2)

which {s thus related to the structure factor FB and determines in part

the wavefield position. The volume of the lattice unit cell is Vc

The diffraction vector H is related to the reciprocal lattice vector
G by H = Gf2w. The photon wavefield inside the crystal can be described

as & Bloch wave., The weak interection of =x-rays with matter has the
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convenlent conseguence that this Bloch wave consists, in the (2-beam)
case of Bragg reflecting a linearly polarized plane wave, of two partial
waves ED(QD) and gﬂ(ga). Polarized means here either polarized in the
plane of incidence (w-polarized) or normal to the plane of incidence
(o-polarized). The amplitude of the electric field of the incident and
outgoing waves outside the crystal are described by Eo and gﬂ.
respectively, whersas go and gﬂ describe the electric displacements in-
side the crystal. Because we will restrict ourselves in the text on
reflecfing o-polarized x-rays, we will treat E and D from now on as
scelar quantities. The phase v(1¥,}) between the complex amplitudes EO(DO)
and EH(DH) can be changed by = radians within the range of Bragg reflec-
tion by changing either the reflection angle ¢ or the wavelength A of the
incident radiation by A and A\, respectively. From the well known Bragg

equation
2dh nindB ~ mA (A3)
and if we aseume for the crystal Ad/d = 0, with
-1
A 2dm Adcosdn (A4)

the equivalence of A\ and A for performing XSW scane is obvious, as
long as A is chosen not too close to an absorption edge and 05 not close
to 90°. Even within the dynamical theory of x-ray diffraction, Bragg's
equation is valid to a good approximation although the true range of
total reflection appears at a slightly larger angle than predicted by
this simple equation. In (A3) and (A4) dh is the spacing of the
diffraction planes of the firet allowed reflection for a set of parallel
diffraction vectors hm and m ie¢ the reflection order. In the above pre-
gented study dh - d111 or dh - dZDO are the Cu(l1l) and Cu(200) lattice

plane spacing and m « 1 and we generated an x-ray interference field
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(standing wave) by Bragg reflecting from the (111}, or (200) diffraction
planes of the Cu substrate which are parallel to the surface of the
crystals. The wavefield exlsts on both sides of the interface. Inside the
crystal the waveflelds extension 1s characterized by the extinction depth
and the size of the x-ray beam. Outside the crystal the wavefleld 1ia
limited to the region of overlap between Eo and EH. A more stringent
limitation, however, to which distance the wavefield extends into the
region outgide of the crystal is given by the coherence length of the

uged x-rays.
The above mentioned Bloch wave can be written as
E = exp[Zwi(ut-kuog)]{E°+EH exp[-2wi(Her}]} (AS)

where v is the frequency of the electromagnetic x-ray wave, r is a posi-
tion vector and 50 is the vector of propagation of the incident x-ray
wave, The ratio of the amplitudes of the x-ray waves 1s in our case given

with the mentioned restrictions by

/2

2 1
EE, = Dy/D = q £ (g -1) (A6}

where
N~ [(Fp-9)ain(20)-x 1/x, (A7)

The complex ¢ and H Fourier components of the electric susceptibility ¥

are related to the structure factor via
=T F {A8)

with
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2
e (e AT () (A9)

where A i1s the x-ray wavelength and r is the classical electron radius.

We introduce the reflectivity R(#,}) with

R(G.A) = | |ZI|E |2 {A10)

b RH o

and the normalized wavefield intensity :Lw via

1, = 1EI1%/1E )2 (A11)
We choose 2 in direction parallel to H which means that in our case the
z-direction is pointing outward the crystal, normal to the (111) or (200)
surface. Furthermore, in case of the cubic Cu lattice we write

[H] = mldh (AL2}

Now we can transform (All) with (AS), (A10) and (Al2) for the wavefield

intensity to

Ly = 1+ R0 + 2RIX) cos[v(d,A)-2mz/d, ) (A13)
For the wavefield inside the crystal the intensity is

fye = Ly expl-ztughn ) (sind) '] | (A14)

Here ue is the linear coefficient of absorption for the used x-rays in Cu

whereas

- AlS)
Ry = Bpp ¥ Mpg ¢
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accounts for the decay of the wavefield inside the crystal due to anoma-

lous absorption (uAA) and primary extinction (uPE). Thoge coefficients
are given by

Fap ™ -(ZVIle'H REIDHIDOJ (Al6)
and

Kpg ™ -tzﬂfA)x'H Im(DH/DO) (A17)
with

Xg = x'g + ixy (A18)

With the above mentioned phase v which is variable by # radians, Eo and

EH are related via
E, = R(BA) [Eof exp[iv(d,A)] (A19)

It is easy to see from (A13) that the wavefield intensity is modulated in
z-direction and the period is given by dhlm. Within the framework of
dynamical theory of x-ray diffraction, R(#,A) and v(d,)) are for a chosen
crystal, x-ray wavelength and H determined by the complex 0 and H compo-
nent x and Xy respectively, of the complex, lattice periodic electric
susceptibility x(r). The quantity Xy in particular determines the limits
for the « rad variation of v(#,A) and thus the position of the standing
wavefield planes relative to the crystal lattice unit cell. For a known
structure, like cCu, Xy and Xy can be calculated and thus R(¥,A) and

v(¥,X) as a function of ¢ and A where v{J,A) is given by

v{d,A) = arc tan[Im(DH!DOJIRe[DHIDO)] (A20}
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Al.2 Analysis of XSW fluorescence data

Treating the photoelectric process for core levels in the dipole
approximstion means that the probability for the occurance of an x-ray
absorption process is proportionsl to the wavefield intensity at the
center of the scattering stom located at z = Z,: Here z measures a
distance normal to the diffraction plenes, 1.e. parallel to H = mh being
the diffraction vector. The first allowed reflsction of a parallel set of
diffraction planes is characterized by h with the corresponding diffrac-
tion plene spacing dh. Within the timeframe of an XSW measurement the
redistive decay of such a core hole is instantaneous. If we consider now
& large number of specific atoms (typically larger 1010) residing at
identical positions z, vhereas the lateral distribution can be arbitrary,

the normalized fluorescence intensity, i.e. fluorescence yield YFA is

given by

s o]
Y?A IFAIIFA {A21 a}
= 1 + R(4,A) + ZVE(é.A) cos[v(d.l)-anzAldh] (A21 b)

for fluorescence from adsorbate atoms, and by
3. o h,m
V™ - 1pl19g = (4l Y5 (A2L c)

for fluorescence from substrate atoms, where I;A s denotes in either case
’

the off-Bragg fluorescence intensity and I s the fluorescene intensity

FA,
as function of (#,)).

The angular dependent sampled thickness dﬂ is given by

dg = ((ua+ue)(ainﬂ)'1 + ua(sina)"l)'l (422 a)
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and the sample thickness contributing fluorescence under off-Bragg (zero
reflectivity) condition by

-1 -1,.-1
de u (ue(ainoj + pa(ainm) ) (422 b)

Here p, is the absorption coefficient of the substrate material for the

substrate fluoreacence.

We realize from (A21) that an atom residing at position zA+ndA, where n
is an arbitray integer, would give the same response as function of § or
M. If we now allow arbitrary positions Za1 (integer i, 1 < i % NA) and

usually NA > 1010, then I_, will represent a sum of N cos-functions with

FA A
different phases determined by N and we obtain
pm AEm L 2
FA 1+R{d, A} +2VR{D, ) EA 5 coa(v(d.A)—ZwmzAildh) (A23 a)

which will then result in an expression given by equ. (1) with amplitude
£ and phase ® with £ ,® from 0 to 1. Already because N, is such
c,m c,m c'c,m A

a large number, we can exchange the summation with an integration where &

normalized function P(Z) gives the real distribution of the contemplated

atoms in z-direction. The angular dependent fluorescence yield as result

of an XSW measurement [6] can thus be described as

Yh.m

FA - 1R{#, 2 )+2VR(F,X) ! P(z)cos(v(#,A)~2ﬂmz{dh)dz {A23 b)

Two corresponding eguations are obtained for Y;ém describing the fluores-
cence yield from substrate or generally isotropically distributed atoms
within the bulk of the crystal. Both (identical) equatioms (A23,a,b) have

a solution of the form given by equ. (1).
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Usually the analysis of XSW data is performed by taking & reasonable

model for the distribution function P(z}, of atome under consideration.

Noting

Pm = [ cos(2mm zlth P(z) dz (A24 a)
and

P'm = [ sin(2mm zldh} P(z) dz (A24 b)

’
we relate Pm and P o with fc o and Qc m via

+ *

£ =242t
m m m

(A25)
Cy

+ 0.5, 1f P’ S0 and P <0
m m
dbc,m = arc tan[P‘mle)IZ-:r { (A26)

0, otherwise

Our model for P(z) is considered to be valid if the experimentally deter-

mined parameters &
c,m

and fc m are in agreement with (A25) and (A26).
In most realistic distribution functionms, a certain number of contempla-
ted atoms will be randomly distributed, as discuesed in this paper. This

is equivalent to a separation of P(z) in two parts.

NG NU
F(z) = (l-U){i§1 o B(z-zi)J + U{J.INu igl S(Z-zi)) (A27 a)
- PG(z) + PR[z) (A27 b)

The sums are normalized such that fP(z)dz = 1. In the first sum NG ia =&

small number (often NG « 1) giving the total number of different,
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gignificantly populated positions z; where ci(Eci € 1) defines the size
of the individual fractions at z,. The parameter U in both sums is
defined by . U = NU}NA where NA ig the total number of sampled atoms
(usually NA > 1010}. The positions zg of the Nu atoms are supposed to be
occupied in s random fashion. The atomic positions are approximated by
§-functione. Inserting {A27 8) in (A23 b) it is obvious that to a very

good approximation

N. N
U U
U/‘NU i§1 cns(anzildh) - UINU igl sin(zﬂmzildh) 0 (A28)

since it represents a sum of sin/cos-functions with random phases and

using (A24 a,b) we write

N
B, = (1-0) iL'G c

L, icos[Z-vmzildh] = tl-U)SG R {A29 a)
NG
P'm - (l-U)ig1 cisin(Zwmzildh) = (l—U)SG (A29 b)
and obtain
£ =qamVsiis - ama (429 c)
c,m - G G % '

1f we substitute the B-function by a Gaussian distridbution function which
takes into account displacements of the atoms from thermal vibrations, we

obtain

fom ™ (DA Dy (A30)

Here we consider all thermal displacements at individual positions zg

having the same profile and
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222
DWH = exp{-2rm o) (A31)

represents the Debye-Waller temperature factor with
2
o = <u?>rdl (A32)
2
where <u™> is the mean square vibrational amplitude of the atoms.

Thus, & decrease of the cohsrent fraction fc n from the maximum value
fc o 1 can be caused by three factors
L]

(1) Thermal vibrations, characterized by DHH
(2} Occupation of multiple positions, characterized by AG

(3) Random disorder, characterized by U.

Al.3 Calculation of fluorescence intensities and determination of

coverage

The off-Bragg intensity Iz (in photona/s} of the fluorescence from

the substrate atoms is given by

o . . -1
IPs IFs Qs Nclvc -(sinds) . de (A33)

where Qs is the cross-section of the incoming x-ray beam, Nc is the

number of atoms per substrate lattice unit cell and Vc is the unit cell

volume. The off-Bragg intensity I:A from an adeorbate is
12, =1, «Q « N /A + (sind,)"" A34
FA FA A A'Ts A (A34)

where NA f As now denotes the number of adsorbate atoms NA per surface

unit cell and the unit cell area AB. respectively, and beam cross-section

4Q
QA. The thickness de of the crystal which is sampled by XSW is given by
equ. (A2Z b).

The normalized fluorescence intensity I where x stands for § (sub-

Fx'
atrate) or A {adsorbate), is defined via

IP: - 11xanx!4ﬂovaerDx (A35)
where I1x 1s the primary intensity of the x-ray beam in phatons/(s cmzl.
The solid angle A is defined by the active area of the (fluorescence)
detector and by its distance to the illuminated spot on the sample sur-
face. The other three parameters are: partial cross sections (e.g.

K-sghell}, cp; fluorescence probability v detector efficiency e

F} D
{including loss due to absorption suffered by photons on the way to the
detector).

0ff-Bragg fluorescence counts A and fluorescence intensity are simply

o
Fx

related by the measuring time tm:
A, =1 LI (A36)
We could determine e.g. the surface coverage
a8 = NAIAa (A37)
of an adsorbate using (A35) and (A34). However, some experimental para-
meters like Q, 11 and A2 can often not be determined with the necessary

accuracy but using (A33) and (A34) leads to

8 = (A IAY (o vy e )/(o

ps Fs Ds (A38)

pa’ra®pa) NV 4,



41
when the fluorescence from the substrate and the adsorbate are recorded

during the same measurement, since in thié csee QB - QA, 1 M

. IqA' s T
AOA and 68 - 05. When photons scattered from the sample are recorded with
an energy dispersive detector, fluorescence lines from substrate and
o 0
overlayer are recorded in the same spectrum anyway and Ag, as well as Ap,

can be obtained by least square fitting equ. (1) to the experimental

data.
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APPENDIX A2

The bond length (copper-adsorbate), lA' and the distance 2 of an

Al
adsorbate atom normal to the surface (compare Pig. 14) are related by the

following egquations:

1, =z, (A39)
1, - (ziz + (r’éu)z)l” (A40)
1, = (2, + a;atr’gu)z)uz (A41)
1, - zil‘ + a/z1? (442)

The position 24, exhibits the largest and the positions z and z

A3 A4
exhibit the smallest possible surface distance. Other positions with
lower symmetry exhibit intermediate z, values. The meaning and value of
used constants are compiled in Table Al. A4 denotes the fourfold coordi-

nated site on a (100) Cu surface.



43

Table Al: Constantes and Notationms

Meaning

Copper lattice constant

Copper (111)
lattice plane spacing

Copper (200)
lattice plane spacing

Copper (hkl)
lattice plane spacing

Metallic radius, copper

Copper-Copper
binding length

A Monolayar on Cu{lil)

A Monolayer on Cu({200)

Metallic radius, thallium

Metallic radiue, cadmium

Copper Adsorbate
binding length

Copper-Adsorbate
metallic binding length

Difference to
metallic binding length

Symbol

111

200

dhkl

Cu

200

Value

3.62 &

2.09 &

1.81 &

3.62}[h2+k2+12)112 x 4

1.28 &

2.56 &
1.76 x 10*° atoms cm >
1.53 x 10%° atoms p—

1.73 &

1.49 &
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