
DEUTSCHES ELEKTRONEN - SYNCHROTRON DESY
DESY SR 90-02
March 1990

X-Ray Standing Wave Analysis of Highly Perfect

Cu Crystals and Electrodeposited Sub-Monolayers

of Cd and Tl on Cu Surfaces

J. Zegenhagen. G. Materlik

Hamburger Synchrotronstrahlungslabor HASYLAB at DESY. Hamburg

W. Uelhoff

Institut für Festkörperforschung, KFA Jülich

1330

ISSN 0723-7979

NOTKESTRASSE 85 2 HAMBURG 52



DESY behält sich alle Rechte für den Fall der Schutzrechtserteilung und für die wirtschaftliche
Verwertung der in diesem Bericht enthaltenen Informationen vor.

DESY reserves all rights for commercial use of Information included in this report, especially in
case of filing application for or grant of patents.

To be sure that your preprints are promptly included in the
HIGH ENERGY PHYSICS INDEX,

send them to the following address (if possible by air mail):

DESY
Bibliothek

e 851
2 Hamburg 52
Germany



M
l 

C
w

 
r»

&
 

H
.

B>aftH
>

nn3K

nCi<-nnroorientat

Sasr«surement

o
.

H
-

•o1B<nnn*4mft

™
 

t
l-

1
CO••* anHi«09n

g 
oM

l

rr|erlo1
*-*•-a

vaveh
*

a&
.

vB>
1
no
.

HO
.

09OerH1t

H
-

rt

ff
•a•H

-
I3f»D

I
»
-•

H•|fl



1. Introduction

More than 20 years have passed, aince Battermann propoaed 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 acarce recognitlon by the

phyaicfl conmunity, an increaaing number of publications over the last ten

yeare has turned the BÖ called X-ray Standing wave (XSW) technlque into

an eatablished tool in solid state physics. This was due to the boost in

analyzation power by the uae of Synchrotron radiation sources [2] and the

particular strength of the XSW technique In determinlng the structure of

surface adsorbate Systems 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 a limitation of the method was frequently seen that the XSW

technique can only be applied to flawlessly perfect single crystala. Thua

it was assumed that only few semlconductor crystals, auch äs Si and Ge,

which exhibit a virtually perfect crystal etructure could be used äs

speciraene. However, thia restrictions of the XSW technique le exaggerated

which haB been prooven in two different waya. Firstly it was demonstrated

that other crystals than semiconductors (like Cu [7], G6G [8], LiNbO

[9]) can be grown perfectly enough to serve äs Substrates for XSW

measurements. Secondly, modificationa of the XSW technique were implemen-

ted which can (a) significantly relax the requlrements on the substrate

crystal structure or (b) even lift them completely. This is done in case

of (a) by performing XSW measurementB in backscattering geometry [10,11]

whiLe (b) is realized by using 0-th order Bragg reflection (total eiter-

nal refiection) or ceflectiona from synthetic multilayer structures [12],

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 uae Cu-crystals äs Substrates. Some of the

apecimens were of unique quality (no dislocations) while others exhibited

a moderate dielocation density. We show how we analyzed the crystal

structure of these Substrates and evaluate carefully, to vhich extent the

obeerved defects may affect the interpretation of XSW data.

While we appreciate that it is increasingly recognized that the

requlrements on the crystal structure do not pose a serious limitation in

the application o£ 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 contra9t

and, intimately connected, dispersion. If an X-ray wave characterized by

a certain volume in phase space, i.e. a spread in energy, angle and

epace, is 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 energy (wave-

length) and angle of incidence, defined by the particular crystal and the

selected diffraction planes. If such a dispersed X-ray wave is incident

on a second crystal the whole wave ia only reflected aimultaneously from

this crystal If there is s match between angle of incidence and energy

for each individual spot on the crystal. This is ideally fulfilled only,

if the two crystals are of the same kind, reflecting by the Barne diffrac-

tion planes and are in a parallel-, (+,-}-setting. We call this crystal

arrangeraent non-dispersive. However, for XSW measurements non-diaperaive-

nesa is not sufficient to guarantee good contrast for the modulation of

the X-ray interference field which aerves äs probe for the structure of

atomic arrangements. Queations concerning dispersion and phase contrast

will be discussed in more detail in section three of thia paper.



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(lOO). Since the measurements wer« performed ander normal

gas preesure (normal ambient or inert gas), aome caution ie advised in

the Interpretation of the results in comparison with meaaurements made

under UHV conditions. However, monolayers o£ Tl on Cu(lll) exhibit an

unusual stability and no change in the XSW results was observed over

periods of days while the specimens were kept under normal ambient condi-

tions. The adeorbates were deposited by electrochemical methods and

additional information on the deposits like binding energy, coverage and

to scone extend about the cleanliness of the Substrate surface are

obtained by cyclic voltatnmetric measurements,

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

the XSW analyaie.

2, XSW Data Analysis

Only a brief description of the XSW analysis iß given in this

section 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 äs

function of tf or A while passing through the narrow ränge of strong Bragg

reflection by tuning either the reflection angle d of the sample (äs in

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

in the appendix, the yield Y of a particular fluorescence line can be

expressed äs

c,m
(1)

with fluorescence intensity I_, off-Bragg-intensity I„, extinction pre-
r r

factor e(tf,A), reflectivity R(i),A), coherent fraction f , wavefield
c ,ra

phase v(tf,A), coherent Position * and reflection order m. When the
c,m

fluorescence arises from a thin surface layer, e(i),A) - 1. l£ the

fluorescence originales from Substrate atoma or foreign atoms distributed

isotropically within the Substrate, e(t?,A) - d./d < l, with d äs

function of tf,A (see equ. (A22)), Here d. is the extinction depth of the

X-ray wavefield äs a function of Bragg angle whereas d is the extinction

depth for zero reflectivity.

A theoretical expression for R(tf,A) equ. (A.10) is fitted with three

free parameters (angular gain, angular offset, maximum reflected intensi-

ty) to the experimentally obtained reflectivity data. Since thie deter-

mines the angular scale and because R(tf,A) and v(i),A) are calculated from

dynamical theory o£ X-ray diffraction (DTXD) [13], only four undetermined

Parameters are left in fitting (Y_I°) to the fluorescence intensity I„
r r r

recorded äs a function of angle. If e(tf,A) - l, only three parameters are

left and T , f and $ are detennined by such fit. In some caeea
F' c,m c,m '

mentioned below, e.g. when the Cu K Substrate fluoreecence was evaluated,

* was fixed and e(i?,A) varied via a (equ. A22) to detennine the depth

d aampled by the X-rays.

It is useful to relate 0 to a parameter z. which is associated
c,m r A

with the distancea of the fluorescence selected atomic species normal to

the diffraction planes via



+ n) d. Im
h

(2)

where d. is the Substrate diffraction plane spacing (for the first

allowed reflection of a set of parallel diffraction planes) and n is an

integer counting the multiples of the apacing. In general, 2 represents

a weighted average of the distances of the entire number of sampled

adsorbate atoms measured normal to the diffcaction plane (compare equ.

(A23) f.f.).

If the adsorbate at oma occupy a single site normal to the Substrate

diffraction planes, z gives this position directly.

3, XSW Heaaurement and Phase Contrast

Equ, (1) holds exactly only for a perfect plane wave incident on a

perfect aingle crystal with a perfectly flat surface. In reality, the

incident wave is a section of a spherical wave ('peeudo plane") and

cryatal and crystal aurface exhibit defects. Before we present experimen-

tal investigatione on the Cu-crystal lattice perfection, we will discuss

in this chapter the effects of the X-ray optical properties of monochro-

mators and samples on an SSW measurement.

A Du Mond diagram for an XSW crystal arrsngement ia shown äs example

in Fig. 1. The black trapezoid represents the emittance of the monochro-

mator which illuminataB the sample crystal (represented by the wide

stripe with Ai , M ). The angular ränge Atf , transmitted by the mono-8 8 m

chromator, is at a aynchrotron radiation eource basically defined by the

(amall) angular divergence of the Synchrotron x-ray beam (including

effects of 80Urc« and slit size). The width AA of the atripe, and also
m

in part A0 . is determined by the used monochromator crystals via the

widths of their single crystal reflection curves. The angular ränge M

and the width AX can, for example, be reduced if one of the monochroma-
m

tor crystals is reflecting asymmetrically with grazing incidence. A par-

ticular value of v(tf,X) defines a particular position of the wavefield

nodal and antinodal planes with respect to the diffraction planes. Aa

clearly visible, lines of equal phaae v(tf,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 will cause hori-

zontal angular displacement of the sample curve (i?-scan). A third type of

scan, also in the vertical direction, can be realized by changing the

lattice parameter d of monoehromator or sample via temperature or pressue

fd-scan). Good resolution in v(tf,A), i.e. small Av, is obtained if At) «
m

AI? and AA « AX .
s m s

Fig. 2 shows schematically three different crystal arrangements

(Fig. Za) and the corresponding Du Mond repreaentations (Fig. 2b). At

least two consecutive crystal reflections are coamonly used in X-ray

monochromators at a Synchrotron radiation source. The direction in which

v(A,tf) changes by TT rad across the atripes representing the acceptance of

the samples is indicated by arrows. It is obvious that case I is best

suited for an XSW measurement since it allowa to perform A- and tf-scans.

Case II can only be used for A acanning. In case III phase contrast can

only be obtained at the wings of the rocking-curve. These different

approaches and intermediate cases for XSW measurements can be selected

via the photon wavelength, reflection vector, asymmetry factor [14, 6]

and crystal material.

Pinally, the influence of lattice imperfections on XSW measurements

will be discussed. The requirementB for the perfection of the crystal



lattice of monochromator or sample can be estimated from the derivative

of Bragg's law

- (M + A t ) cot Ad/d (3)

In order to obtain the requested Av, Btrain expressed by \M\ 0 and

angular misalignment of different crystal areas (Arf > 0) or subgrains,

(M, > 0) have to be small, Btrain and small angular apread (e.g. mosaic

spread) in the sample are illustrated in a Du Mond diagram in Fig. 3. The

emittance from the (perfect) monochromator is again represented by the

black trapezoid. The curves in the inaert represent schematically (A,«S)-

curves of the undistorted sample (1), a part of the sample strained by Ad

(2) and a part of the sample tilted by At), (3). Thus, the Du Mond repre-

sentation of the sample is given by three different stripea {1,2,3} slnce

the undistorted, atrained and tilted parts of the crystal are excited

with a different phaae (v , v , v ) via the monochromatar 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 irtfluence of imperfections

and thus AI), and possibly eures this problem. Strain effects, however,

cannot always be elirainated 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 cylindrica.l Copper samples with diameters between 9 and

12 mm were eingle crystals, grown either in [111] or [100] direction. In

order to avoid mechanical damaging from cutting and polishing they were
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carefully electrolytically cut aB well äs electrolytically polished

[16,17].

4.1 Double Crystal Topography

The experimental aet-up used for topographic investigations is shown

in Fig. 4. Two analog feedback stabilization units (MOSTAB) [16] were

used to keep monochromator and sample crystals aligned in angle during

exposure of a film. With a silicon (440) monochromator, copper (222) and

(400) reflections were used for the (111) and (100) samples, respective-

ly. A change of contrast of about 5Z on the topographs recorded on the

slope of the rocking curves at 502 reflectivity corresponds to strain or

angular misalignment of Atf/tf - Ad/d ~ 10 . Fig. 5 shows topographs 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 äs well. If present, a curvature for instance

will cause local changes of the asymmetry pararaeter 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

Eocking curves of the crystal were measured by changing the angle of

the sample crystal relative to the monochromator (tf-scan). Such curves

are shown in Fig. 5c. As can be seen, a rounded, more Symmetrie 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 äs Substrate £or studying adsorbate,s with XSW measurements is the XSW

analysis of the Substrate fluorescence itself. The experimental set-up

used for thla purpose ia ehown in Fig. 6a. A Nal(Tl) detector and a

Si(Li) solid state detector monitored the Sragg reflected X-ray beam and

the scattered photons, respectively. Both Signals were detected äs a

function of reflection angle t) within the angular ränge of the Bragg

reflection. A comprehensive description of XSW fluoreecence measurements

le given in [19,2,6].

The measured angular dependence of the Cu K fluorescence yield is

ghown for two different crystala with different DD in Fig. 7. Measure-

ments for two different take-off angles a (see Fig. 6b) are also

illustrated. Aa seen from equ. (A22b), if sufficiently small, et mainly

deterraines the depth over which atoms contribute to the fluorescence

yield. Thus, if a. - 10 the mean sampled crystal depth d - 1.7x10 Ä,

whereas for a - 0.8°, d - 1800 Ä.
e

The data were given a least squeres fit to equ. (1) using three

fitting parameters I_, a and f and setting * - 0. For DD - 300 cm" , fF C C c

- 0.960 + 0.005 waa determlned by the fit whereas f - 0.91 + 0.02 for DD— J c —
_2

- 2000 cm . Since the theoretical value is f - IU-11 - 0.97 [20] {see

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

clearly visible.

A measurement of the Cu-L fluorescence yield is illustrated in Fig.

8. Since the energy of the Cu L lines (0.9 keV) is much lower than that

of the Cu-K line (8 keV), the absorption coefficient jj. becomes Large

thus reducing the sampled depth d fron which fluorescence reaches the

12

detector. For the examples shown, the fluorescence was measured with a

take-off angle a - 8 which corresponds to d • 150 Ä, The % -fit to the

data gives f - 0,67 ± 0.04 with $ - 0.00 + 0.02. The reduction of f by

31Z in comparison to the ideal value 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 $

0.00 äs expected, only shallow surface region are randomly disordered

normal to the surface. This is in agreement with the observation that the

coherent fraction of the adsorbates never exceeded 701.

All of the methode discussed above were used to characterize the

copper sampleB before using them äs Substrate for XSW measurements to

study the structure of adsorbates. The chosen examples also demonstrate

that these methods are not only valuable for characterization, but also

äs teat for selecting proper crystals for XSW measurements. Even if

modifications of the XSW technique are used allowing measurements on

samples with less perfect crystalline lattice structure äs discussed in

the introduction, characterization techniquea llke those described above

are almoat a necessity.

5. Adsorbäte Preparation and Cyclic Voltammetry (CVM)

Adsorbates were deposited on the surfaces by underpotential deposi-

tion (UPD) from an electrolyte. The adsorption proceas was monitored by

linear sweep voltammetry with a set-up äs shown in Fig. 9. The (111) or

(100) faces of the cylindrical Cu single crystal rode (Cu) were immersed

into the 0.5 Hol Na SO, electrolyte which contained either l mMol T1NO

or l mMol CdSO . 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 aide
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compartment with R prevented any significant exchange of chemical species

while enabling low current transfer. Hitrogen (N.) was flowing through

the aolution and the inner part of the cell to reduce the oxygen partial

pressure In the solution. In order to prevent eiposure of the emerging

crystal to air, the electrolytical cell was additionally kept inside a

glove bag with H atmosphere during deposition of Cd. The voltage drop

acrosa 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

potentlal periodically several tines within the ränge limited by the

onset of Cu Oxydation on üne Bide and bulk metal deposition on the other.

The anodic and cathodic Charges became balanced after several minutes

cycling in an oxygen-free cell and solution. For XSW measureraents, the

sweep was atopped 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 curvea, recorded iramediately before removal

of the sample, are shown in Fig. 10. Fig. lOb was recorded with trace

amountB of oxygen in the cell atomosphere. Although not typical for this

kind of preparation [7], the Tl etripping peak D 1s vlsible here.

Baaically, the adsorbate coverage can be calculated from the

voltammogramB 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 usually not accurrately known and thus coverages S™«!

calculated from the voltanmograma, exhibit relatively large margins of

14

From the potential difference AU • U-..-**™ between the potentials of
Sfi SU

bulk (Ugß) and UPD (USI]) Btripping peaks, the adsorbate binding energy

E_. can be calculated using E_. - e AU + E. with the electron Charge e
Dn ISA O K O

and the adaorbate bulfc material binding energy (Sublimation energy) E

[22,23]. Additional Information about the kinetics and the ordering of

the adaorbate phase can be deduced from the peak half-width ßU [23]. A

large (narrow) peak width is expected for repulsive (attractive) adsor-

bste-adsorbate interaction. For Cd on Cu(lll) AU - -0.29 V and 6U - 90

mV, whereas AU - -0.20 V and fiU - 90 mV for Cd on Cu(lOO). In the case of

Tl on Cu(lll) AU - -0.33 V and &U - 50 mV. Using Sublimation energies

[21] E_ - 1.88 eV and 1.16 eV for Tl and Cd, respectively, the adsorbate
O

binding energies E are 2.21 eV (Tl/ Cu(lll)}, 1.45 eV (Cd/Cu(lll)) and

1.36 eV (Cd/CutlOO)).

6. X-Ray Standing Wave Keasurements

The experimental 9et-up is shown in Fig. 6 and discussed in chapter

,2
4.3. Cu crystals with dislocation densities < 2000 cm were used äs sub-

strates with (100) and (111) surface orientation. The Si(Li) detector

2
received photons from a 30 mm illuminated surface Spot in a solid angle

of 0.1 sr. A Ge(220)/Si(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 f ~ 0.97.

The reduction of f originates from the slight curvature of the crystal

surface.

6.1 Cd on Cu(lll)

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 photona at a flxed

refLection angle tf is shown in Fig. 11. Fig, 12 ahows the Cu(lll)

reflectivity and the corresponding background corrected Cu L and Cd L

fluorescence yielde recorded äs function of tf. The energy of the incident

X-rays (E } was 6.9 keV. From the spectra shown in Fig. 11, it is obvious

that only negligible amounts of aulphur from the electrolyte remained on

the emerged electrode cryatale. The Cd coverage was determined by compa-

ring the Cd L fluorescence intensity with the fluorescence intensity of

an implanted Standard sample.

ReeultB of several measurementa are compiled in Table 1. The phase

« is converted into the distance ZA - (l + tt )d„u, with d " - 2.09 Ä.
C A C n 111

All listed adsorbates were deposited at an electrode potential U -
SCE

-0.7 V. However, comparable coverages ö„, (- 9_,) also remained on the
Lu r J.

surface when the electrode WBB extracted at potentials positive with

respect to the UPD peak poaition. No changes of f , * and 6_, were
C C Cu

observed when the sample WBB kept under He atmosphere during the XSW

study. Exposure to air, hovever, produced variations of * and f with

time. Also given in Table l are the values for f and $ äs determined
c c

from the analysis of the Cu Substrate fluorescence. The reduced coherent

fraction indicates some imperfections of the cryatal in the surface

region. However, the values 4 u indicate that there is no systematic

error involved in the analysis of adsorbate positions.

16

6.2 Cd on Cu(lOO)

Uaing for (100) surfaces the same procedure (inert He atmosphere) äs

described for the measureraent of Cd layers on (111) aurfaces produced

coherent fractione up to 301 (f - 0.3) but gave no consistent reaults in

* . If exposed to open air, coherent fractions äs high aa 0.3 dropped to

zero immediately, demonetrating the high reactivity of thie Interface.

6.3 Tl on Cu(lll)

Tl layers were ptepared in oxygen-free electrolytea äs well BB elec-

trolytes containing trace amounts of oxygen. After extraction of the

electrode, the layers exhibited no structural change3 in air and all XSW

measurements were performed under normal ambient conditions. The primary

photon energy was E " 15.3 keV and a 0.4 mm thick AI adsorber was placed

in front of the Si(Li) detector to prevent the data acquiaition syetem

from being overloaded by the atrongly excited Cu K fluorescence radia-

tion. The coverage 8_, (= 9-,) was determined with the help of equ. [A38]
TJ. rl

by using the off-Bragg Substrate fluorescence intensity äs a reference.

Results of seversl (neasurements 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 depoaition before extraction ranged from -0.33 V to -0.83

V. Aa for the caae 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
büf£

and appeared to be the same when oxygen was present in the solution. When

the Tl adsorbate was cinsed with water right after electrode extraction,

the total Tl coverage 6 decreased whereas the coherent coverage 6 • 9'f
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and the phase * remained conatant. Thia clearly shows that only randomly

distributed Tt was removed by the water rinse.

7. Diacusaion

The XSW meaBurements 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 Tl ads'orption. However, the adsorbate

Position z äs determined by XSW did not differ significantly from the

resuLt z from other preparations. Note in this context, that the

coverage 6.__ determined by CVM waa always smaller than e„T determined by

flüorescence anslysis of the emerged electrodes.

This indicates a strong gradient in the concentration of metal ions

in the inner Helmholtz layer in a potential ränge 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 transfer ia observed by CVM. Strong evidence for specific

ionic adsorption at potentials positive with respect to the UPD peak has

also been found for TL on Ag by Second Harmonie meaBurements [24], How-

ever, for the present case only an in-situ measurement can separate out

the effect of the electrode extraction.

The difference in stability of the three Systems in oiygen

atmosphere can directLy be related to the experimentally determined

binding energies- Cd on Cu(lOO) with the lowest E - 1.36 eV is most

unstable and exposure to air led to rapid random disorder. Cd on Cu(lll)

with E - 1.45 eV was stabLe in inert gas but showed a response to air
o

which finally led to diaorder. Tl on Cu(lll) with largeat Efi - 2.21 eV

was stable in air and even water did not affect the measured adsorbate

Position.

An explanation is needed for the fact that the total coverages of

all adsorbates remained well belov l ML and that total and coherent

coverage varied for different preparationa with the same applied

Potential before electrode extraction. The surface of the Cu sample was

electrolytically polished in Standard grade H.PO, and impurities may have

been left on the surface which possibly were not removed by cycling the

Potential äs described above. CVM performed with Cu(lll) grown on mica

under Ultra cLean conditions in UHV yielded higher coveragea and more

pronounced, sharper peaks in the voltammograma [25], The disorder of the

Substrate revealed by XSW analysis of the Substrate flüorescence 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 sitee.

In order to discusss atructural models for the UPD overlayers, the

binding geometry for high aymmetry sites on Cu(lll) are plotted in Flg.

14. Bond lengths (Table 3} were calculated for comparison from averaged

z values by assuming an unreLaxed Cu surface and metallic tadii for Cu,

Cd and Tl. Appendix A2 sumoierizes the used constants and equations.

For the TL/Cu(lll) interface, Table 3 (column 2) shows that a one-

fold adsorption site can be excluded since it would require a 112 com-

pression of the Cu-Tl bond length (- sum of metallic radii). A

distinction between an exclusively twofold (A2) and an exclusively

threefold (A3) aite, however, cannot be made from the results of the

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

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

Trace amounts of orygen in the, electrolyte change the Cu(lll)

surface Btructure. The smaller z value o£ the Tl atom relative to the Cu

surface can be explained by an -0.4 Ä 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 threefold site [30] is also c(meistent with the XSW tneaaurement.

For Cd/Cu(lll) the onefold aite can also be eicluded. Between sites

A2 and A3 and mixtures of both, however, cannot clearly be distinguished

from the measurements. A similar discussion holds äs for the Tl/Cu(lll)

overlayer. Bote, however, that the larger atripping peak half width SUGJ

- 90 mV in comparison to 5Ü_. - 50 mV indicates a less attractive Cd-Cd

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

of the Cd lese and a single site occupation more likely.

8. ConcluBJon

Czochralskl grown Cu single cryatala were studied with double

crystaL diffractometry, high resolution topography and X-ray Standing

wave analysis. Althougn dialocation-free cryatala can be prepared, it was

demonstrated in addition that high reaolution XE¥ analysiB can be carried

out uaing aubatrate crystals which have a moderate dialocation density.

Overlayers of Tl and Cd on Cu(lll) and Cd on Cu(lOO) were prepared

by underpotential deposition. Since high coherent fractiona were measured

with XSW fields, it can be concluded that the distribution functiona

describing the position of the adsorbates normal to the surface have
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sharp maxima indicating preferential adsorption sites. This means, that

TL and Cd at coverages < l ML form ordered phases on Cu(lll) which are

atable at atmosptieric gas pressure.

Binding energies were deduced from voltammetric meaeurements and

were uaed to explain the different stability of the layers when exposed

to air. For the Tl/Cu(lll) System the dependence of the adsorbate struc-

ture on the aurface Oxydation state of Cu in the electrolyte was cLearly

demonatrated. For the geometrical structure of the Cd and Tl/Cu(lll)

interfaces, adsorption on a onefold on top site is excluded. The reaults

are coneiatent with models using twofold and/or threefold adsorbate

sites. However, measurements of other Fourier components, apecially those

in directions tilted relative to the surface, are needed to determine the

lateral structure in more detail,
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Table 3; Regults on Cu(lll)i Cu-Tl and Cu-Cd bond lengths l calculated

from the XStf results for three different adsorption sites.

1. 2. 3.

Position l AI, /l" 1. A1./1.M
A A A A A A

[A] [A]

Onefold, AI 2.27 -25Z 2.67 -11 Z

(2.67) (-111)

Twofold, A2 2.61 -131 2.96 -2 I

(2.96) (-2Z)

1. A1./1.M
A A A

[A]

2.37 -14 l

2.69 -3 Z

Threefold, A3 2.71 -löZ

(3.05) (+1Z)

3.05 +1.32 2.79 +0.7Z

The hond lengths, l , reeulting from the different adaorption sites, are

calculated ufling eqs, A39-41 and taking for z , the experimentally deter-

mined, averaged valuea z , Additionally listed are the thus resulting
A

relative changes AlJl^Ln bond length with l" - 3.01 Ä and 2.77 & for Tl

M
and Cd. respectively. Ihe used Symbols l,, l, and AI. are defined In

A A A

appendix A2. Column li UPD of Tl on Cu(lll) out of oxygen-containing

electrolyte with z - (2.27±0.04}A (6-, < 0.3 ML, no rinse [7]). In
A T i.

brackets are.noted the reaults calculated for an inward relaxation of the

Cu(lll) aurface by 0.4 Ä. Column 2: UPD of Tl on Cu(lll) out of oxygen-

free electrolyte with z - (2.67± 0.02)A (9-. < 0.3 ML). Column 3: UPD of
A i J-

Cd on Cu(lll), out of oxygen-free electrolyte with z - {2.37±0.02)Ä.

Figure Captions

Fij2,. l Crystal arrangement at a Synchrotron radiation source in the Du

Mond representation. The phase difference v(i),A) between the

reflected and incident X-ray waves E„ and E respectively is

constant along the thin lines within the broad stripe which

repreaents the sample crystal reflection band. The black

trapezoid ie the emittance from the monochromator. Good

modulations of the wavefield intensity within the lattice unit

cell requires a amall Av in which case $ and f (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 d. respectively,

are different. However, since AI! is small enough, such
m

slightly diaperaive arrangements denoted äs (+(-),-) can be

used routinely at Synchrotron radiation sources.

FJR. 2 a) Three different crystal arrangements at a Synchrotron

radiation source. The firat monochromator crystal ml is

reflecting aymraetrically and the second one (m2) asymmetrically

[14]. For case I and III the d-spacing of monochromator (m2)

and sample (S), d and d respectively, are matching well and
m &

thus 0 Ä tf . For case II, A ia choaen such that i) is large,
m s m a

preferably =• 90 .

b) The same crystal arrangements in the Du Mond representation.

The emittance from the monochromator is given by the black

trapezoid. The direction in which v(S,\) changes by ir rad ie

indicated.
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Flg. 3 Du Mond representation of subgrain angular misalignment and

lattice strain. l : ideal case (tL , tf ); 2 i strained lattice

(d.+Ad, tf ); 3 : misaligned grain <d,, J tid.J. The inset

Bhowa the whole Du Mond plot but case 2 and 3 are exaggerated.

Fig. 4 Experimental set-up for double crystal topography. Three slits

(Sl, S2, S3) confine the Synchrotron X-radiation beam from the

atorage ring DORIS. An electronlc analog feedback circuit [18]

(MOSTAB) senses the Output of ionlzation chamber (II) and

drivea a piezo crystal to keep the monocchromator crystala

aligned. A second MOSTAB senses the Output of the NaI-detector

and keeps the sample cryatal at = 501 reflectivity during

exposure of the film. Distance from monochromator to sample

200 cm; distance from sample to film 6 cm. Honnally the film

plane is placed parallel to the sample surface.

Fig. 5 a,b) Topographs from two different Cu crystals. The sections

2
shown correapond to 0.6x0.6 mm surface area. (222) reflec-

tion, E - 8.6 keV. c) shöws the Cu(222) reflection curves
1

taken for the same Spots äs shown in a and b. Dislocation den-

-2 -2
aitiee are about 300 cm and 20000 cm for 2a and b, respec-

tively. o,+ exp. data points for a,b reapectivelyj — theore-

tical rocking curve fitted in width and height to data points;

FWHM - 37 |j,rad.

Fig. 6 Sample environment in an XSW measurentent. The arrangement from

DORIS up to the ionization chamber ia äs ahown in Fig. 4 with

proper crystals XI, X2 aelected for XSW measurements. In

special caaes a filter (A) was used in front of the Si(Li).

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

usuaLly placed äs ahown in part a), looking almost into the
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direction of the Polarisation vector of the incoming a pola-

rized SXR.

Fig._7 XSW measurement of Cu K fluorescence radiation from an illumi-

3
nated Cu surface area of 2.5 mm . Measured (ttt) and calculated

(•••) Cu(lll) reflection curve; (ooo) experimentally determined

fluorescence yield; ( ) fit to the experimental points.

Two different dislocation denaitiea DD and take-off angles a

were ÜBed.

Fjg. 6 XSW measurement of Cu L fluoreacence yield; symbols äs in Fig.

2
7. A eurface spot of £ 30 mm was illuminated during the XSW

Fig- 9 Electrolytical cell and experimental set-up for cyclic voltam-

metric meaBiir,ements. Pot. - potentiostat, Rec. - X-Y recorder,

R - reference electrode, C - counter electrode.

£jg- 10 Anodic atripping curves. The bulk stripping peak ia marked by M

and the UP stripping peak by D. A prebulk stripping peak (P in

Fig. lOb) was observed for Tl if H was not too large. The high

increase of current in 10b) for U > -0.4 V waa typical if

oxygen was present (compare Ref. 7).

Fig. 11 Part of a spectrum of 512 channels total, recorded by the

Si(Li) and stored in the MCA for a particular angle i? (i?-tfD £
B

120 jj,rad in Fig. 12). A section is multiplied by a factor 5.

Fig. 12 Measured and calculated XSW reflectivity (+++,•••} and Cd L

(ooo, ) and Cu L (xxx,—) fluorescence yield curves.
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Flg. ̂3 XSW results for Tl on Cu(lll)

s preparations out of oxygen-free electrolyte.

o i preparations out of oxygen-containing electrolyte.

o s preparations out of oxygen-containing electrolyte and

rinsed after electrode extraction with H O ,

For 8 . > l ML the Tl poaition shifta to higher valuea.

Fig. 14 Binding geometries on Cu(lll) in a) side and b) top view. One-

fold (AI), twofold (A2), threefold (A3) poaitions and the

M
corresponding distartceB z., (i - l, ...3) to the surface. r„

AI OU

is the metallic Cu radlus.

fig- 15 Model for Tl adsorbate structure on Cutlll). If the Tl is loca-

ted precisely at AZ and A3, the T1-T1 bond length is reduced by

kl compared to the metallic T1-T1 bond length. If all chaina

are aligned parallel, the Saturation coverage is 0,4 HL.
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APPENDIX

AI XSW Data Analvsis

AI.l 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

K-ray waves gives rise to a planar wavefield parallel to and perlodic

with the diffraction planes if a plane x-ray wave is Bragg reflected by a

perfect single crystal. In the condition of Bragg reflection the photon

wavefield reeonantly adopts the spacing of the H Pourier component of the

Charge density distribution function if H is the diffraction vector

giving tise to the reflection under consideration. The Charge density p

äs a lattice periodic function can be represented äs a Fourier series

(vector symbols are omitted in subscripts)

p(r) • § PH exp(-ZTriH.r) (AI)

The effect of anomalous dispersion on the scattering process leads

from the Charge density to the complei scattering density p (r)

Pa(r) - (l/V,,) S F„ exp(-2irH'r)
s c ö n

(A2)

which is thua related to the structure factor F„ and detertnines in part
H

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

The diffraction vector H is related to the reciprocal lattice vector

G by H - G/2ir. The photon wavefield inside the crystal can be described

äs a Bloch vave. The weak interaction of x-rays with matter has the
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convenient consequence that this Bloch wave consists, in the (2-beam)

case of Bragg reflecting a linearly polarized plane wave, of two partial

waves E (D ) and E„(D„). Polarized means here either polarized in the
~o o —n ü

plane of incidence (ir-polarized) or normal to the plane of incidence

((r-polarized}. The Amplitude of the electric field of the incident and

outgoing wave a outside the crystal are deacribed by E and E„,
O ~~n

respectively, wheress D and D̂  describe the electric displaceraents in-

aide the crystal. Because we will restrict ourselves in the text on

reflectlng a-polarized x-rays, we will treat E and D from now on äs

scalar quantities. The phaee v(tf,A) between the complex amplitudes E (D )

and EgtDjj) can be changed by tr radians within the ränge of Bragg reflec-

tion by changing either the reflection angle tf or the wavelength A of the

incident radiation by M and AA, respectively. From the well known Bragg

equation

4 (A3)

and if we aaaume for the crystal Ad/d - 0, with

AA -
-l

(A4)

the equivalence of AA and Ad for performing XSW scane is obvious, äs

long äs A ifl chosen not too dose to an abaorption edge and 0_ not close
D

o
to 90 . Even within the dynamical theory of x-ray diffraction, Bragg's

equation is valid to a good approximation although the true ränge of

total reflection appears at a slightly larger angle than predicted by

this simple equation. In (A3) and (A4) d. ie the spacing of the

diffraction planes of th* firet allowed reflection for a set of parallel

diffraction vectors h and m ie the reflection Order. In the above pre-
~m r

sented study d. - d or d. - d are the CuClll) and Cu(200) lattice

plane spacing and m • l 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 exists on both sides of the Interface. Inside the

crystal the waveflelds extension is characterized by the extinction depth

and the size of the x-ray beam. Outside the crystal the wavefield is

limited to the region of overlap between E and EL. A more stringent

limitation, however, to which dietance tbe wavefield extends into the

region outside of the crystal is given by the coherence length of the

used x-rays.

The above mentioned Bloch wave can be written äs

E - exp[2iri{vt-k .r)]{E +E„ exp[-2iri(H'r) ]}
O O H

(A5)

where v is the frequency of the electromagnetic x-ray wave, r_ is a posi-

tion vector and k 1s the vector of propagation of the incident x-ray

wave. The ratlo of the amplitudes of the x-ray waves is in our case given

with the mentioned restrictions by

VEo * VDo
(A6)

where

(A7)

The complex 0 and H Fourier components of the electric susceptibility

are related to the Btructure factor via

H,0 H,0
(A6)

with
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r - <r0V)/<ifirc> (A9)

where A is the i-ray wavelength and r is the classical electron radiua,

We introduce the reflectivity R(tf,A) with

- |BH|2/|Eo|2 (A10)

and the normalized wavefield intenaity î  via

(All)

We choose z in direction parallel to H which means that in our case the

z-direction ia pointing outward the crystal, normal to the (111) or (200)

surface. Furthermore, in caae of the cubic Cu lattice we write

läl (A12)

Now we can traneform (All) with (A5), (A10) and (A12) for the wavefield

intensity to

~JT) cos[v(t?,A}-2iiinz/d, ] (A13)

For the wavefield inaide the crystal the intensity ia

-l.
(A14)

Here ji IB the linear coefficient of absorption for the uaed x-rays in Cu

whereaa

(A15)

accounts for the decay of the wavefield inside the crystal due to anoma-

lous abaorption (̂ ..) and primary extinction (Ji-,,,,)' Thoae coefficients
AA rfi

are given by

(A16)

and

(AI?)

with

(A18)

With the above mentioned phaae v which is variable by <e radians, E and

E., are related via

'R(tfA) exp[iv{tJ,A)] (A19)

It is eaay to aee from (A13) that the wavefield intensity is modulated in

z-direction and the period is given by d /m. tfithin the framework of

dynamical theory of x-ray diffraction, R(tf,A) and v(tf,A) are for a chosen

crystal, x-ray wavelength and H determined by the complex 0 and H compo-

nent x a"d xa* respectively, of the compler, lattice periodic electric
O n

susceptibility y(r). The quantity T„ in particular determines the liroits
— H

for the v rad Variation of v(«J,A) and thua the position of the standing

wavefield planes relative to the crystal lattice unit cell. For a known

structure, like Cu, v and xu can be calculated and ttms R{tf,A) and
0 CL

v( i J ,A} äs a function of tf and A where v( i? ,A) is given by

are tan[ lm(D v r /D ) / R e ( D , / D )
H o H o (A20)
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AI.2 Analyais of XSW fluorescence data

Treatitig the photoeLectric process for core levels in the dipole

approximatlon means that the probability for the occurance of an x-ray

absorption process is proportional, to the wavefield intensity at the

center of the scattering atom located at z - z . Here z measures a

distance normal to the diffraction planes, i.e. parallel to H - mh being

the diffraction vector, The first allowed reflection o£ a parallel aet o£

diffraction planes ia characterized by h with the corresponding diffrac-

tion plane spacing i . Within the timefrane o£ an XSW measureraent the

radiative dacay of euch a core hole is instantaneoua. If we consider now

a large number of specific atoms (typically larger 10 ) residing at

identical positiona z whereas the lateral distribution can be arbitrary,

the normalized fluorescence intenaity, i.e. fluorescence yield Y is
FA

given by

FA
(A21 a)

CA21 b)

for fluoreacence from adsorbate atoma, and by

[?s i iYhlin
ej FA

(A21 c)

for fluorescence from Substrate atoma, where I_, „ denotes in either case
r A, b

the o£f-Bragg fluoreecence intensity and I
r

aa function of (0,A).

the fluoreacene intenaity

The angular dependent sampled thickness d. is given by

+ n {aina)~ )"
tt

(A22 a)
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and the sample thickness contributing fluorescence undetr off-Bragg (zero

reflectivity) condition by

(sintf)"1 + \L (sina)" )" (A22 b)

Here (i is the absorption coefficient of the aubstrate material for the

Substrate fluorescence.

We realize from (A21) that an atom residing at poaition z +nd., where n
A A

is an arbitray integer, would give the same response äs function of tf or

A. If ve now allow arbitrary positions z , (integer i, 1 5 1 s H ) and

usually NA > 10 , then I_. will represent a sum of N cos-functions with
A FA A

different phases determined by z , and we obtain
AI.

a)

which will then reault in an expression given by equ. (1) with amplitude

f and phase * with f ,4 frora 0 to l. Already becauee N. ia such
c,m r c,m c c,m A

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

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

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

of an XSV measurement [6] can thus be described äs

(A23 b)

Two Cörreaponding equations are obtained for Y ' deacribing the fluores-
FS

cence yield from aubatrate or generally isotropically distributed atoms

within the bulk of the crystal. Both (identical) equations (A23,a,b) have

a solution of the form given by equ. (1).
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Usually the «nilysie of XSV data ia performed by taking a reaeonable

model for the distribution function P(z)y of atoma under consideration.

Noting

p - / co8(2mn z/d. ) P(z) d
m n s

(A24 a)

and

P' - / ein(2irm z/d, ) P(z) d
m n z

(A24 b)

we reiste P and P' wtth f and * viam m c,m c,m

f - (P2 + P'2)1/2
c,m m m

(A25)

+ 0.5, if P' SO and P <0
m m

- arc tantP' /P )/2ir {
c,m m m

0, otherwise

(AZ6)

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

mined Parameters * and f are in agreement with (A25) and (A26).
f c,m c,m

In raoat realiatic distribution functions, a certain number of contempla-

ted atoras will be randomly diatributed, aa diacueaed in this paper. This

is äquivalent to a Separation of P(z) in two parts.

P(z) - (A27 a)

PR(.) (A27 b)

The sums are norraalized such that /P(z)dz - 1. In the first aum N ia a

small number (often N. - 1) giving the total number of different,
G
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significantly populated poeitions z, where c,(I!c, s 1) defines the size

of the indlvidual fractions at z.. The parameter U in both sums is

defined by . U - N /N where N is the total number of sampled atoms

(uaually N > 10 ). The poeitions z, of the K atoms are aupposed to be

occupied in a random fashion. The atomic poaitiona are approximated by

fi-functions. Inaertiag (A27 a) in (A23 b) it is obvious that to a very

good approximation

Nu Nu
U/HTT .E, cos(2Timz./d, ) - U/N„ .E, sin(2mna. /du)

u i"l I n u !•! i n - 0
(A28)

since it represents a eum of ein/cos-functions with random phases and

using (A24 a,b) we write

(A29 a)

P' - (1-U).E, c.sin(2nmz./d, ) = (l-U)Sl
m 1"1 i i. n G

(A29 b)

and obtain

f - (1-U) /(St + Si *) - (1-U)A_
c,m G G G

(A29 c)

If we substitute the 6-function by a Gauasian distribution function which

takes into account displacements of the atoms from thermal vibrations, we

obtain

(A30)

Here we consider all thermal displacements at individual positions z,

having the same profile and



39

2 2 2
exp(-2ir m CT ) (A31)

represents the Debye-Waller temperature factor with

2 2 2
u - <uS/d (A32)

where <u > La the mean square vibrational amplitude of the atome.

Thus, a decrease of the coherent fraction f from the maximum value
c,m

f - l can be caused by three factors

(1) Thermal vtbrations, characterized by D,„,
WH

(2) Occupation of multiple positions, characterized by A.
G

(3) Random disorder, characterized by U.

AI.3 Calculation of fluorescence intenaities and determination of

coverage

The off-Bragg intensity I (in photona/s} of the fluoreacence from
8

the Substrate atoms is given by

-l
(A3 3)

where QS is the croBS-section of the incoxning x-ray beam, N ie the

number of atoms per Substrate lattice unit cell and V is the unit cell
c

volume. The off-Bragg intensity 1° from an adsorbate is

(A34)

where H / A now denotes the number of adsorbate atoms H. per surface
A S A

unit cell and the unit cell area A , respectively, and beam cro88-eection
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Q . The thickness d of the cryatal which is sampled by XStf is given by

equ. (A22 b).

The nonnalized fluorescence intensity I , where x Stands for S (sub-
Fx'

atrate) or A (adsorbate}, is defined via

I. - I AI
Fx X

_ __

px Fx Dx
(A35)

where I is the primary tntensity of the x-ray beam in photona/{9 cm ).

The solid angle dfl is defined by the active area of the (fluorescence)

detector and by its distance to the illuminated apot on the sample sur-

face. The other three parameters are: partial cross sections (e.g.

K-shelL), CT j fluorescence probability v-, detector efficiency e

(including IOSB due to absorption auffered by photons on the way to the

detector).

Off-Bragg fluorescence counts A and fluorescence intenaity are simply

related by the measuring time t :

wFx „Fx
(A36)

We could determine e.g, the surface coverage

(A3 7)

of an adsorbate using (A35) and (A3A). However, some experimental para-

meters like Q, I and iO can often not be determined with the necessary
1

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

6 - Hc'Vc
(A38)
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when the fluoreacence from the Substrate and the adeorbate are recorded

during the same meaeurement, since in thi/ caee 0 - 0. , I - I ., £ß -
0 ^B AA TJ8 -jA S

£O, and 0 ™ **• Wh«n photons acattered from the sample are recorded with
A S A

an energy disperaive detector, fluorescence lines from Substrate and

overlayer are recorded in the same epectrua anyway and A„ SB well äs A_,

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

data.

APPENDIX A2

The bond length (copper-adaorbate), l , and the diatance ZA, of an

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

following equationa;

A1
(A39)

(A40)

(Ml)

«M
(A42)

The Position z,, exhibite the largest and the positions zin and z..
r AI r A3 A4

erhihit the smalleat possible surface diatance. Other positions with

lower Bymnetry exhibit intermediate z values. The meaning and value of

used constants are compiled in Table AI. A4 denotes the fourfold coordi-

nated site on a (100) Cu surface.



Table Ali Constants and Notations

Meanina Symbol Value

Copper lattice constant a 3.62 A

Copper (111)

lattice plane spacing
111

2.09 A

Copper (200)

lattice plane spacing
200

1.81 A

Copper (hkl)

lattice plane spacing

Metallic radius, copper
Cu

1.28 A

Copper-Copper

binding length 2.56 A

A Mono l ay er on Cu(lll)

A Honolayer on Cu(200)

Ketallic radius, thallium

Metallic radius, cadmium

l ML
111

l ML
200

H

CT1

1.76 x 10 atoms cm

15 -2
1.53 x 10 atoms cm

1.73 A

1.49 A

Copper Adaocbate

binding length „ .
Cu A

Copper-Adaorbate

metallic binding length
M ^ H

CCu + rA

Difference to

metallic binding length AI. l - l"
A A

REFLECTION ANGLE

Fig. l
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