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I.

In het voorste-1 van Vinogradov en Sobel'man voor de ver-

vaardiging van XUV lasers door middel van electronvangst

in hoog aangeslagen toestanden van meervoudig seladen

ionen, is ten onrechte geen rekening gehouden met concur-

rerende reaktiekanalen, die leiden tot stralingsloos verval.

A.V. Vinogradov en I.I. Sobel'man,Sov. Phys.-JETP

16 (1973) 1115.

II.

In terugstrooi-experimenten met hoog-energetische l ichte
ionen is het niet a l t i jd mogelijk om, met gebruikmaking van
afschaduwingseffekten alléén, de posi t ie van adsorbaat atomen
op oppervlakken van éénkristallen vast te leggen. Daarentegen
bl i jk t het gekombineerd gebruik van afschaduwings- én blok-
keereffekten wél algemeen toepasbaar te zi jn.

Dit proefschrift, hoofdstuk 7.

I I I .

In niet-reaktieve verstrooiing van K-atomen aan Br^-moleculen

wordt vibratie-excitatie van het Br,-molecuul waargenomen

voor kleine strooihoeken van het K-atoom. Dit kan worden toe-

geschreven aan twee opeenvolgende electronensprongen aan het

eind van de botsing.

IV.

De bewering van Feldman e .a . , dat de thermische vibratie-am-
plitude van atomen in een h'(OOT) kr is ta l nabij het onpervlak
toeneemt, is voorbarig, omdat hun experimentele resultaten óók
kunnen wijren op oppervlakte-rekonstruktie.

l.Z. Fe"ü-.ZK, ?..i. :<:.,ffrxr., F.C. Sil->erman, ?..A. Zuhr,
, rh-^s. ?.e:. let-. ££ (19771 gS.



V.

Een aantal kortlevende negatieve ion-toestanden (resonanties}

in edelgassen kan als "non-valence" resonantie worden ge-

klassificeerd. Deze toestanden zijn vergelijkbaar met de twee-'

electron geëxciteerde toestanden in helium met quantumgetal

(-), zoals beschreven door Cooper e.a.

J.U. Cooper, V. Fano en F. Prats, Phys. Rev. Lett. 1Q_

119B3) hlB

P.J.K. Langendam en M.J. van der Wiel, 6th Intern. Conf.

on Atomic Physios, Riga, September 1978 (abstract).

VI.
Bij de bepaling van oppervlakte-relaxatie in Pt(111) door

middel van ionenverstrooiing hebben Davies e.a. zich laten

misleiden door stralingsschade-effekten. Daardoor zijn zij tot

de onjuiste slotsom gekomen, dat de oppervlaktelaag over een

afstand van 0.2 8 naar buiten toe verschoven is.

J.A. Jackson en P.R. Norton, Proc. 7th Intern.Vac. Congr.

and 3rd Intern. Conf. Solid Surfaces, Vienna, Vol. III

17977) 2527.

Hit proefschrift, hoofdstuk III.

VII.

M. Ghelfenstein e.a. hebben Xe, moleculen aangeslagen met

gepulste synchrotronstraling bij een golflengte van ~ 1470 8

en het tijdsverloop gemeten van de fluorescentie in het Tweede

Continuum. Een zeer korte vervalkomponent met een levensduur

van 2 ns wordt door hen abusievelijk in verband gebracht met

emissie vanuit hooggelegen vibratieniveaus van de ï

toestand van Xe.,*.

M. Ghelfenstein, R. Lopez-Delgado en H. Ssaarc,

Chem. Phys. Lett. ££ (1977) 31S.



VIII.

De bewering \an Abroyan e.a., dat verplaatsing van atomen

in een Si oppervlak door energetisch ionen-bombardement mede

wordt veroorzaakt door diffusie van fouten naar het oppervlak,

wordt niet op overtuigende wijze door zijn metingen gestaafd.

I.A. Abroyen, A.I. Titov en A.V. Khlebalkin

So-j. Phys. Semiaond., Vol. u (1977) 712.

IX.

Pe "betrouwbaarheidsfaktor"-analyse volgens Zanazzi en Jona,
die steeds veelvuldiger wordt toegepast om theoretische model-
berekeningen te toetsen aan resultaten van LEED-experimenten,
zou o.a. moeten leiden tot zeer nauwkeurige waarden voor
oppervlakte-relaxaties. Experimentele foutenbronnen worden
echter veelal buiten beschouwing gelaten, zodat de betrouw-
baarheid van deze methode in twijfel moet worden getrokken.

E. Zanazzi en F. Jona, Surfaoe Sni. 62_ (1977) 61

F..?. Watson, F.ff. Shepherd, D.C Frost en K.A.P. Mitchell,

Surfaoe Soi. ?S (1978) SS".

X .

De concentratie van het thermonucleaire onderzoek in Europa

op de ontwikkeling van de Tokamak ontneemt aan het onderzoek-

programma de momenteel gewenste slagvaardigheid, nodig voor de

verwezenlijking van een kernfusiereactor.
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C H A P T E R I

INTRODUCTION

1. CRYSTALLOGRAPHY OF SURFACES

In the beginning of the 20 century, following the dis-

covery of x-ray diffraction, physicists became deeply concer-

ned with atomic models of crystals. Long before this the re-

gular appearance of crystals as found in nature had inspired

mineralogists to describe them as a periodic array of elemen-

tary building blocks, which are now known to be atoms or

groups of atoms. The rapid growth of single crystals in spe-

cific directions is a macroscopic manifestation of the pre-

ferential stacking of atoms in a structure which is characte-

ristic of the given material. Thus the external form reveals

some of the bulk structure.

Let us examine a facet of such a crystal more closely and

let us restrict ourselves to a clean ideal surface. A very

fundamental problem now arises: is the bulk structure also

preserved at the surface on an atomic scale? The answer must

be negative. Because of the inherent asymmetry of the sur-

face the atoms in the topmost layers cannot be expected to

occupy exactly the same positions they would have in the

bulk. In fact, the periodic array of surface atoms does not !

even need to be in registry with the bulk net. At first sight

this surface phenomenon seems to be in contradiction with the

above model of crystal growth as a manifestation of the bulk

structure: if new atoms are stacked on top of the surface I

layer, one might expect the structure of the grown layer to f

be a continuation of the surface- instead of the bulk-struc-

ture. However, this is not so, since upon deposition of a

fresh layer the atoms originally in the surface tend to re-

arrange themselves back into bulk lattice positions. In case

of adsorption of foreign atoms a new structure may appear ;

since the asymmetry is still not cancelled.
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Fig. I - Inward surface relaxation due to redistribution of

surface electrons. The surface dipole results in an

inward force on the surface atoms (after ref. 3).
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It is not surprising that the expected structural changes

have encouraged physicists to become concerned with the crys-

tallography of surfaces as a new research area in its own

r right. In the following we discuss the structure of an ideal

, clean metal surface. For a number of such surfaces the inter-

planar spacings in the first few layers are known to be dif-

ferent from the bulk spacing. This phenomenon is frequently

termed 'surface relaxation' in the literature.

Qualitatively, the more loosely packed clean metal surfa-

ces (such as the (110)-surface of a FCC crystal) are expected

to exhibit a compression of the first interlayer spacing.

The contraction can be related to a redistribution of mobile

electrons at the surface 1 ~ 3 ) . The electrons tunnel through

the surface roughness in order to create a smooth jellium

edge (SS' in i"ig. 1) . These transfers of electronic charge

result in a dipole layer causing a contracted surface as in-

dicated in fig. 1. This effect is less pronounced for a den-

sily packed surface such as FCC (111). However, the above

naive model is incomplete: the contribution of inter-atomic

interactions is important too. In fact, both electronic

charge distribution and atomic positions have to be deter-

mined in a self-consistent way and a good theory for clean

metal surfaces is still lacking. To our knowledge no theore-

tical effort has ever been directed to calculating relaxation

effects in substrate surfaces covered with an ordered over-

layer of chemisorbed atoms. In terms of our qualitative model

it is likely that the contraction is cancelled upon adsorp-

tion and even turns into an expansion, since the electronic

charge distribution localizes on the adsorbate atom with a

corresponding destruction of the smoothing effect. The resul-

ting structure depends on the degree of coverage and the bin-

ding configuration of the chemisorbed atom. In any case,

changes in interlayer spacings are mostly smaller than + 10%

of the bulk spacing.

Another question of interest concerns the position of the

chemisorbed atom. Besides the binding configuration one would

like to know the chemisorption bond length or the distance

between overlayer and substrate. This will provide chemical



Fig. 2 - Example of a shadow and blocking cone behind a tar-
get atom bombarded by energetic ions. For c lar i ty ,
the opening angles of the cones are drawn much wider
than they are in real i ty (~ 5° ful l width).

j ^Faraday cup

sputter ion gun

diaphragms +
Faraday cup

ipliers

diaphragm
ion beam

Fig. 3 - Schematic view of the experimental set-up.
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information on the nature of bonding at surfaces. A funda-

mental study of metal-overlayer systems is also useful to ob-

tain insight in the initial stages of oxidation and corrosion

or in catalytic properties l*» 5). Of special interest in hete-

rogeneous catalysis are the Pt- and Ni-chalcogen structures.

An experimental technique is needed, which is capable of

locating atoms in clean and adsorbate covered surfaces with

a precision of 0.01-0.03 8. This can be achieved by Medium

Energy Ion Scattering (MEIS), in conjunction with channeling

and blocking. In chapter III we use this technique to deter-

mine surface relaxation of Pt(lll), in chapter IV we inves-

tigate the effect of oxygen coverage on surface relaxation

of Ni(llO). Finally in chapter V we determine the bonding

configuration of sulfur atoms chemisorbed on a Ni(110) sur-

face, along with a precise location of Ni and S atomic posi-

tions.

2. SURFACE CRYSTALLOGRAPHY BY MEDIUM ENERGY ION SCATTERING

If a parallel beam of 100 - 200 keV protons hits a single

atom, the projectile trajectories are deflected over small

and large angles, depending on the impact parameter. Thus

the atom produces a shadow cone, the edge of the cone being

the envelope of all small angle scattering events (fig. 2).

Similarly, if the projectile scatters from an atom over a

large angle in the direction of a neighboring atom, such

trajectory is being blocked by the latter atom, thus giving

rise to a blocking cone (fig. 2). We exploit these shadow-

ing and blocking effects to determine the direction of the

inter-atomic axis.

The incoming beam direction is aligned along an atomic

row, such, that only the first two monolayers of the crystal

surface are 'visible' to the beam, the deeper lying atoms

being shadowed by the surface atoms. The interaction of the

beam with the bulk atoms deep in the crystal is significant-

ly reduced by the well-known channeling effect 6 ) . The atomic

structure of the outermost layer of a clean crystal can be ob-

tained by measuring the directions in which projectiles, that
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are backscattered from the second layer, are blocked by the

surface atoms. Thus the second layer acts as an emitter of

particles, the first layer blocks them in specific directions.

From the resulting blocking pattern the atomic structure can

be derived with the aid of simple geometry. For the struc-

ture determination of chemisorbed overlayers we have the

first substrate layer as an emitter and measure blocking

effects arising from the adsorbate atoms.

In chapter II these blocking effects are calculated using

a two-atom scattering model including thermal vibrations.

Such calculations are necessary for proper interpretation of

the measurements, in particular they yield additional infor-

mation on surface dynamics when they are compared with expe-

rimental results.

The technique of combined channeling and blocking for sur-

face structural analysis has been developed in our labora-

tory, see ref. 7. A schematic view of the experimental set-up

is shown in fig. 3. The complete equipment is mounted in a

UHV collision chamber. Backscattered ions are energy selec-

ted by an electrostatic energy analyser (ESA). The surface

scattering shows up as a distinct peak in the backscattered

spectrum. Blocking patterns are obtained by rotating the

energy analyser in small steps around the crystal and recor-

ding the peak intensity at each setting, while keeping the

incoming beam direction fixed. Small diaphragmas have been

placed in front of the ESA to ensure a good angular resolu-

tion.

3. COMPARISON WITH OTHER TECHNIQUES

Till now most surface structures have been investigated

by LEED - an acronym for Low Energy Electron Diffraction 8 ) .

In recent years, at the advent of sophisticated computer

codes for 'dynamical' analysis of intensity patterns, signi-

ficant advances have been made in the interpretation of the

data. In these calculations the interlayer spacings and the

metal-overlayer distance for a given bonding configuration

are fitting parameters in comparison with experimental results.
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However, also some non-structural fitting parameters are in-

volved, which limit the accuracy of LEED in determining

atomic positions to 0.05-0.2 8, depending on the particular

surface structure under consideration and the computational

method used. In this type of analysis the substrate struc-

ture is often considered to be an unrelaxed truncation of

the bulk structure. Indeed, only a very few LEED studies have

been undertaken to search for changes in the substrate atomic

positions induced by adsorption 9 ' 1 0 ) . Where possible we will

compare our MEIS results with published LEED analyses.

A few surface structures have been investigated by ion

scattering using channeling only. In this type of single

alignment experiment one generally uses more energetic ions

(0.5-2 MeV He+) in combination with a solid state detector

or a magnetic analyser l l ) . Structural changes are commonly

detected by rocking the crystal, i.e. the direction of the

shadow cone, around some crystallographic axes. This method

requires more knowledge of the ion-target interaction poten-

tial and surface thermal vibrations than our channeling/

blocking method, which essentially relies on geometrical con-

siderations only 7 ) . In addition, its prospects for future

use in adsorbate location studies are not very hopeful, since

the shadowing caused by overlayer atoms cannot always be

separated from shadowing effects in the substrate. On the

other hand, a single alignment experiment requires less beam

dose, which is advantageous in those cases where possible

damage effects due to the ion beam are anticipated. Sofar

this method has been applied to structural determinations

of clean Au(001) 1 2 ) , Pt(110), Pt(lll) 1 3» 1'*), Pt(001) 13)

and W(001) 15) surfaces with varying accuracy.

Ion scattering at low energies (< 2 KeV He , Ne ) can es-

pecially be helpful in determining the binding geometry of

adsorbate atoms 1 6 ~ : 8 ) , but is of no use for measurements of

relaxation effects. Compared to medium and high energy scat-

tering it has the disadvantage that backscattering cross

sections are not very well known and that neutralization ef-

fects 19) may play a role. Consequently, uncertainties in

the structural parameters are at leasb + 0.2 8. Contrary to
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medium and high energy scattering, it has the advantage that

also poly-crystalline surfaces can be analyzed with high

surface specificity.
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C H A P T E R II

TWO ATOM MODEL FOR THE CALCULATION OF SURFACK BLOCKING

IN MEDIUM AND HIGH ENERGY ION SCATTERING

ABSTRACT

A two atom blocking model has been developed to analyze

surface blocking patterns recently obtained in medium energy

ion scattering experiments. In the model the mean square

thermal vibration amplitude of a surface atom can be used ae

a fitting parameter in comparison with experimental results.

Anisotropic surface vibrations have been taken into account

by assuming a non-spherical Gaussian probability distribu-

tion for the thermal displacement of the surface atom. In

addition, some analytical expressions have been derived for

the effective number of target atoms contributing to the

yield of ions backscattered into a blocking direction.

1. INTRODUCTION

Recent ion scattering experiments have provided quantita-

tive information on the structure of single crystalline sur-
1 7

faces ). In these experiments a parallel beam of light

ions CH+, He+) in the energy range 100 keV < E < 2 MeV is

entering the crystal along a channeling direction. Scatter-

ing from surface atoms gives rise to a distinct surface peak

in the energy spectrum of backscattered particles. The pro-

bability of an ion making a collision with sub-surface

atoms depends on surface structure and dynamics and on the

size of the shadow cone cast by the surface atom on the

underlying atomic row ' . Projectiles backscattered from

these atoms also contribute to the surface peak. For the in-

terpretation of results obtained in channeling experiments

at high energies one generally relies on computer simulation

in which position and vibration amplitude of surface atoms

are input parameters '
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The determination of surface structure is more direct if
channeling is combined with blocking '•'. In this type of
experiment one chooses the incoming beam direction such,
that only atoms in the first two layers are visible to the
beam. Particles, backscattered from atoms in the second
layer and leaving the crystal in the direction of an atomic
string are blocked by the surface atoms. The resulting an-
gular distribution of backscattered particle flux has a mi-
nimum along a surface blocking direction. The location of
surface atoms can be inferred directly from a measure!»0"*
of the position of these blocking dips relative to the bulk
blocking directions. In principle this method of surface
structure determination is based on geometrical considera-
tions only. Nevertheless, a calculation of surface blocking
profiles is very illustrative and simple, since only one
atom is responsible for the blocking effect. In particular,
such calculations have the potential of yielding additional
information on surface dynamics, when they are compared with
experimental results.

Our model which provides the theoretical framework far
the calculations, is an extension of a two atom blocking mo-
del bij Oen . The latter model describes the blocking of
a-particles emitted isotropically by radio-active nuclei
embedded in the bulk of a single crystal consisting of iso-
tropically vibrating atoms- However, when dealing with sur-
face blocking in ion scattering experiments, the atom in
the second layer is generally not an isotropic "emitter" of
backscattered projectiles. Indeed, in the medium energy range
the Rutherford cross section o for large angle scattering
from the sub-surface atom may vary substantially within the
angular range of the surface blocking cone. This variation
of a with emission angle has been accounted for in the pre-
sent model, see section 2.

In analogy with Oen's model, the expressions, which arc
derived for the blocking pattern, contain the r.m.s. ther-
mal vibration amplitude as a fitting parameter in compari-
son with experimental results. For our application, however,
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allowance should be made for r.m.s. thermal displacements

of surface atoms whose component perpendicular to the sur-

face may be substantially larger than the component parallel
121 "

to the surface •* . In section 2.2. such anisotropic surface

vibrations are incorporated in the model by assuming a non-

spherical Gaussian probability distribution for the displace-

ment of the surface atom relative to its neighbour.

Finally, in section 3 we give some analytical approxima-

tions to the effective number of atoms per blocking string

observed in double alignment.

The formula derived are generally applicable. For illus-

tration some results are given fcr the blocking of 170 KeV

protons backscattered from a Pt(111) surface.

2. TWO ATOM MODEL

The symbols used in the calci "°tion are defined in fig.

1. The total scattering can be regarded as two isolated bi-

nary encounters in a diatomic molecule, with atom 1 fixed

in space and atom 2 vibrating with some r.m.s. vibration am-

plitude relative to atom 1. The equilibrium positions of

atom 1 and 2 are in A and B respectively. The projectile

approaches the diatomic molecule at fixed angle a with res-

pect to the line A-B and subsequently undergoes a large

angle deflection during its collision with atom 1.

Since this collision takes place at small impact parameter,

atom 1 acts as a point source, emitting particles whose an-

gular distribution follows the familiar Rutherford scatter-

ing law. Particles, that are scattered from atom 1 in the

direction of atom 2 are either blocked by atom 2 or arrive

at the detector via a large impact parameter collision.

During the latter collision the thermally vibrating atom 2

is at some instantaneous position B', corresponding with a

displacement vector u. The detector is aligned along A-C

making an angle 6 with A-B. Both incoming trajectory and

detection direction A-C are supposed to lie in the Y-Z plane,
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that coincides with some crystallographic plane. Naturally,
the large angle scattering from atom 1 is allowed to be
"out-of-plane".
. We now derive an expression for the particle flux F(6)
backscattered into the detector. If atom 2 is in B', only
trajectories lying in the plane AB'C contribute to F(ó).
Particles departing from atom 1 at an angle i> with respect
to K.he instantaneous internuclear axis AB' undergo a small
angle deflection $(s) at impact parameter s. From fig. 1
one can infer that the projectile is scattered into the de-
tector only if the following relation holds:

9' = • + 4>(s) (1)

with s = q
The screening effect of the electrons of B' is taken into
account by using a Molière potential for the calculation of
$ as a function of impact parameter -*. Applying the momen-
tum approximation one obtains:

z 1 Z 2 e 2 3
•<•> = 47^iïï ' ill «iBiMBi8'B> («

with ot = {0.10, 0.55, 0.35}

e± - {6.0 , 1,2 , 0.3 }

E is the projectile energy. The Thomas-Fermi screening radius
is:

a = 0.8853 aQ (Z-j + Z | ) " 2 / 3

The K.'s are first order modified Bessel functions of the
second kind. These functions can be approximated by a simple
empirical formula, as proposed in ref. 15.

The Coulomb cross section for scattering at atom 1
through an angle n into a solid angle sinij)d<()de is given by:
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da = o(n) simjidijidfj (3)

with o(n) = 2 (3a)
sin n/2

(3b)

cosn = siniji sin(a-ó) cose - cos* cos(a-6). (3c)

Particles leaving atom 1 within a solid angle sin̂ d\|<d3 around

angles tp and 3 are being scattered into a solid angle

sine'de'dB. Consequently, the cross section a' per unit

steradian after both collisions is given by:

0 =

Let the probability for a displacement of atom 2 in a volume

element d u at B' be given by P(u)d u. We then obtain a ge-

neral expression for the detected yield per unit solid

angle, backscattered from atom 1 by averaging o' over all

positions B':

F(6) = Qn | a' P(u)d3u (5)

u

where: n = target density in atoms/cm

Q = beam dose.

2•1• Isotropic surface vibrations

We specify the displacement vector u in components along

the unit vectors {e^} (fig. 2):

u = ? u-e. (6)
l x x

e*, and IT, are lying in the Y-Z plane, e, is chosen to be pa-

rallel to the detector direction. The probability distribu-

tion for the relative displacement is assumed to be a sphe-
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rically symmetrie Gaussian:

2 2 2
U 1 + U + U^ 3 - 1 1 2 7I

P(u)d u = TTT^ • exP( S -) du.,du,du, (7)
( 2 T T ) 3 / V 2pZ 1 2 3

where p : one dimensional r.m.s. thermal vibration ampli-

tude of atom 2 relative to atom 1.

The integration in (5) can be carried out explicitly by

using polar coordinates (q,e',0) as integration variables.

The components u- are given by:

u1 = q sine' sine (8a)

u, = ft sinö - q sine' cosB (8b)

u, = q cose' -ft cosö (8c)

Substitution into (7) yields:

3u- 1. exn ["- q2+^2-2qfc(cos8'cos6+sin6 sine'eosg)]
u ,, ,3/2 3#exp I .2

(2ir) p Li 2p J

x q2sine'dqde'd6. '(9)

inserting (1), (4), (3a-c) and (9) into (5) we obtain:

» 2it *m

F(«) = ffig-V I dq f dB f d^.q

\ q • ft - 2qH[cos(i|) •»• it.)cos6 » sin(i)> » »)sin6cosBP 1 "
\ q •

Lx ( 1 {))

C1 + cos((icos(a-6) - sin<f>sin(a-6)cos$ ]

v.-here * = <j)(qsini);) is given by (2). ̂ has been used as

independent integration variable instead of o'. $ is some

upper limit for ij>, for which the integrand gives negligible

contribution. For the same reason the integration over q

can also be carried out over a finite interval around q =• ft.
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The integrand is singular if B=O and <f>=ó+Tr-ct ór if 6=ir and

<j>=ir-ó+a. The scattering angle in the first collision is then

zero, which is in conflict with the assumption being made

that this collision takes place at small impact parameter.

However an extremely large displacement |u| - i is needed

for this situation to occur, consequently the contribution

to the integral is zero. The singularity is avoided by set-

ting a lower limit e > o to the integration variable <[>.

Using expression (10) one can readily calculate surface

blocking profiles observed in an actual double alignment

experiment. Let the beam enter the crystal along a channel-

ing direction such, that only the first two layers are visi-

ble to the beam. The total backscattered yield N(6) per unit

solid angle is then given by:

N(fi) = nQa(e) + F(«) (11)

where: the total scattering angle e = -n - a + 6(a is fixed)

n, Q, a(B) are defined in eqs. (3a) and (5).

The first term stems from direct scattering from surface

atoms. The second term is the detected yield backscattered

from atoms in the second layer and is calculated by numeri-

cal integration of (10).

As an illustration tlv two atom blocking model has been

applied to the Pt(111) surface relaxation measurement . In

this experiment a beam of 170 keV protons was directed along

the C116"] channeling direction, surface blocking profiles

were obtained for scattering angles around the I 110 I direc-

tion. The results of the calculation arc shown in fig. 3

where N is plotted as a function of the total scat-

tering angle e for various relative thermal vibration ampli-

tudes p. Comparison with experimental data is made in rcf.

13.

On the above example the yield N varies substantially

with scattering angle e. 11" the variation of the Rutherford

cross section o(n) is small within the angular range of the
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blocking cone, the calculations are greatly simplified. In

this case it is often practical to express the backscattered

intensity in terms of L, the effective number of atoms per

blocking string:

F(6) M .
1

" nQa(e) " *

In the case of complete blocking L = 1 atom/string whereas

in single alignment, when the detector is positioned along

a direction far from the angular region of the blocking

cone, L = 2 atoms/string. Assuming o to be constant and

combining eqs. (4), (5) and (12) one obtains:

w h e r e : e ' = <j> + t/i

P(u)d u1 is given by (9).

Eq. (13) has been further simplified by asymptotic expansion

to first order around q = «., expanding sini|>, cose', sine.'

etc. to second order in i|> and e' and by replacing

the integration variable i|> by s « Ity. The upper integration

limit of s has been extended to infinity, since most of the

contribution to the integral comes from s values near some

critical impact parameter s . Integration over B leads

to a zero order modified Bessel function lo. With the above

approximations eq. (13) reduces to:

oo

f

)
o

L(6) = 1 • -L f s a , . ! p . « l ? i | L ! l . e x p r . « V t i s t i M ] ( 14 ,
P '0 L P J L 2(>L P J

This is equal to the expression derived by Oen

2.2. Anisotropic surface vibrations.

In the following it is assumed that the relative dis-

placement has a Gaussian probability distrihut ion with one-



- 32 -

dimensional r.m.s. amplitudes p perpendicular and p., paral
lel to the surface ( for simplicity the probability distri-
bution is taken to be isotropic within the surface plane ).
Accordingly,

pp.. ^p.. p
X II II x ( 1 5 )

where {v-} are the components of the relative displacement
vector u, specified in a coordinate system spanned by the
unit vectors {f^} (fig. 2):

u = f v i f i

Unit vector fj has the direction of the surface normal, both
f1 and f2 are chosen to lie in the Y-Z plane. Let the angle
between surface normal and internuclear axis be ft. The com-
ponents v- can readily be expressed in terms of the u-:

VT = u1 (17a)

v2 = cos(n-6)u2 - sin (ft-6)u3 (17b)

v3 = sin(fi-S)u2 + cos (n-6)u3 (17c)

S u b s t i t u t i o n of e q s . (17) in (15) y i e l d s :

1 u? U2 A
(2TT)° P, ,P I 2O„ 2O2 2P 3

with P£ =

p it P .

J p « _ • £* e n t> ^ . " _ - . _ «+ P|| cos^ fn- f i ) ] 2

( 2 2,
( P i . - P . )

A = — | — ~ - sin(n-ö) cos(n-ó)
pll px
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Using eqs. (8a-c) one finally obtains:

- Usina-qsine'cosB)2

22pf 2p2

_ (qcose' -&COS6)2 _ A U s i n 6 . qsine'cosB) (qcose' - l

*q2sine'dqdefde (19)

Substituting (19) in (5) one arrives at an integral represen-

tation for F(5) similar to the expression obtained for the

isotropic case with the exception of the distinction between

p •• a n d p •

Large surface vibrations make blocking less effective,

in particular for a direction having a glancing angle with

the surface. As an example we calculated the blocking pro-

file for the [11T] direction of Pt(111) (n = 70.5°). In the

absence of correlations the relative r.m.s. displacements

are related to the single atom displacements by:

Px.. = (b
2 + b 2 ) * (20a)

P|| ••= (b
2 + b 2 ) * (20b)

with b and b.. the one dimensional r.m.s. amplitudes of atom

2, perpendicular and parallel to the surface respectively,

and b the r.m.s. amplitude of atom 1. In the above expres-

sions the latter atom is assumed to have bulk vibration;) I

properties (b = 0.07 A according to the bulk Dehyc model

at room temperature; in a perhaps more realistic approach

the expected exponential decay of the enhanced amplitude

may be taken into account by allowing h to be greater than

the bulk value). Following rcf. 17 we take b = 2h., and

bii = b. The analysis is made independent of the incoming
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beam direction by letting atom 1 emit particles isotropi-

cally (a = constant), which is equivalent to using eq. (13)

for the calculation of L(<5). In fig. 4 the effective number

of atoms per [111] string is plotted as a function of 6 for

both isotropic and anisotropic surface vibrations.

Due to the asymmetric probability distribution for the

relative displacement (eq. 18) the blocking pattern is

slightly asymmetric around 6=0. However, in practice this

effect is negligible, because the r.m.s. displacements in-

volved are always much smaller than the internuclear dis-

tance £.

The crucial parameter determining the effective number of

atoms per string in double alignment (6=0) seems to be p ,

the transverse two-dimensional relative r.m.s. amplitude in

a plane perpendicular to the blocking direction:

P T = [pf + pf + (pf - Pf)cos
2n]* (21)

If anisotropic displacements are compared with isotropic

displacements at the same value of p , the minimum yields

in both blocking dips are the same. The isotropic blocking

pattern, however, turns out to be narrower than the one for

which anisotropic vibrations are assumed (~ 121 FWHM for

blocking of 170 keV protons in the PtT1111 direction).

Note also that the increase in p due to surface anisotropy

depends on the value of fl. In the [11T] blocking direction for

which Q = 70.5°, p increases by 29o with respect to the value

at n=0, whereas for the [110] direction (fi=35.3°) p increases

only by 12e0. These effects are discussed in detail Ln rcf. 13.

3. ANALYTICAL APPROXIMATIONS TO THE BLOCKING INTEGRAL l'OR

6 = 0.

Sofar the integral for the blocking function (cq. 5) has

been solved numerically. However, using the simplified ex-

pression (eq. 14) as a starting point one may derive an ana-

lytical formula for the effective number of atoms per string

in double alignment. Two different interaction potentials
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between projectile and atom 2 will be considered:

1) an unscreened Coulomb potential, 2) a Firsov potential

of the type V(r) = A/r . For both potentials the impact pa-

rameter dependence of the deflection angle $ is relatively

simple when compared with the expression for the more rea-

listic Molière potential.

3.1. Coulomb potential

The deflection angle in the momentum approximation is

given by •

(22)

where
ziV'
4ire_

Combining eqs. (22) and (14) and setting 6=0,

n2 » „2

where: Rc

L(0) = 1 +-^ e T e T sds

A/; ° 2

(23)

P T = /2p or

PT =

for isotropic or anisotropic surface vibrations respectively

TheRfl is the shadow cone radius for Coulomb scattering

ratio p /R^ is a scaling parameter and determines the sur-

face peak intensity in channeling experiments . The inte-

gral in (23) is tabulated19i

L(0) =
Re

2pT
2

l
2p2

T

2P
(24)
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K1 is the first order modified Bessel function of the

second kind. However, the number of atoms per string, as

calculated by use of (24) deviates strongly from the Molière

calculation, i.e. the unscreened Coulomb potential seems to

lead to a serious overestimate of the blocking effect.

3.2. Firsov potential; comparison with Molière potential

At lower energies the screening effect of the electrons

can be taken into account properly by use of a potential of

the type V(r) = AF/r
2 with 2 0> 2 1)

AF = 3.05 x 1O~
3. Z1Z2 keVA12 (25)

(Z* • Z* ) 2 ' 3

The momentum approximation yields for the scattering angle
18).

irAF
• (s) = ö (26)

Using (14) one obtains for the Firsov version of the block-

ing function:

f
L(0) = 1 + 2x e

Ï +

4 t tdt (27)

R_2

where x = ̂  —~ and Rf = ^
PT

RF is the shadow cone radius appropriate to the Firsov po-

tential . To our knowledge, no exact analytical solution

exists for this integral. However, for large x (P T <•- RF )

the integral can be approximated by an asymptotic expansion

in inverse powers of x. Applying the procedure, outlined in
2

ref. 22 we have RF



- 38 -

1.6

£ U

1.0

two-atom
173 keV

blocking
H*—Pt

model

^ [no]

^ [001]

.08 .10 .12 .14 .16 .18

PT "

Fig. 5 - Effective number of atoms/string versus transverse

thermal vibration amplitude for various crystal

directions in platinum
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For 173 keV protons on Pt the Firsov potential gives good

agreement with the number of atoms/string calculated by use

of the Molière potential. This we have verified by using the

latter potential to calculate numerically the number of atoms

per string for various crystal directions and pj values (fig.

5). Numerical evaluation of (27) gives identical results

within _+ 31 accuracy.

The curves as shown in fig. 5 are to be used primarily

for the interpretation of surface blocking experiments. By

virtue of the reversibility rule , however, the two atom

model can be applied to channeling, provided the contribu-

tion to backscattering is limited to approximately one atom

per string * .

Furthermore, the two atom model is essentially a "single

string" calculation, i.e. trajectories in the neighbourhood

of an isolated atom row are assumed to be unaltered by the

presence of neighbouring strings. This condition is easily

met for low index directions. However, some care has to be

excercised in applying the model to higher index directions.

In conclusion, to analyze surface blocking effects in'

medium energy ion scattering experiments we have developed

a two atom blocking model, in which the mean square (an)-

isotropic thermal vibration amplitude of surface atoms can he

used as a fitting parameter in the comparison with experi-

mental results. We have shown that this model can also be

used to calculate analytically the effective number of atoms

per string contributing to backscattering in the channeling/

blocking directions.
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C H A P T E R I I I

RELAXATION EFFECTS AND THERMAL VIBRATIONS IN A Pt(lll) SURFACE

MEASURED BY MEDIUM ENERGY ION SCATTERING

ABSTRACT

Medium energy ion scattering3 in conjunction with channel-

ing and blocking techniques has been applied to search for

differences in the planar spacing of the first two layers of

a Pt(lll) crystal surface as compared to the spacing in the

bulk. We find a small expansion of l.S+^1%. The measurements

have yielded a value for the transverse r.m.s. thermal vibra-

tion amplitude of a surface atom relative to its neighbour

along the [002] direction and likewise for the [230] axis.

The results are giving evidence for an enhanced amplitude for

the surface atom perpendicular to the surface. A strong block-

ing effect has been observed along the 11101 axis, which may

be due to correlation effects, although the role of surface

defects cannot be ruled out.

1. INTRODUCTION

Due to the asymmetry the surface atoms may relax from the

bulk position and may have thermal vibration amplitudes dif-

ferent from those in the bulk. Several experimental studies

have been undertaken to locate the position of surface atoms,

most of them being based on LEED. Recently however, back-

scattering of light ions at medium (50 - 200 keV) and high

( > 1 MeV) energies has become a valuable tool in analyzing

structure and dynamics of single crystalline surfaces. Ion

backscattering has been applied to study the reconstruction

of gold 1) and platinum 2» 3) surfaces and to search for re-

laxation effects in Cu(110) *»), W(100) *) a nd Ni(llO)
 6 » 7 ) .

Preliminary results of ion scattering investigations of

Pt(lll) 2»8) appeared to be somewhat conflicting. In the

present work results are presented obtained on a well charac-

terized clean Pt(lll) surface. This surface is known to ex-





hibit a (lxl) LEED pattern, thus no lateral reconstruction

occurs. Therefore we need only to concentrate on searching

for changes in the upper layer spacing normal to the surface

and possible effects due to thermal vibrations of surface

atoms. Our ion scattering results appear to be in good agree-

ment with LEED work and the most recent ion scattering re-

sults 9»10fll).

Our method of determining the position of surface atoms

relies on the combined effect of channeling and blocking and

is based on geometrical considerations only. An extensive

survey of the method has been given elsewhere k ) , only a

brief outline will be given in section 2. Surface preparation

is described in section 3. Experimental results are given in

section 4, along with a discussion of surface relaxation,

peak widths and thermal vibrations.

2. EXPERIMENTAL

2.1. Method

The geometry for backscattering is shown schematically in

fig. 1. The incoming beam direction is chosen along the [116]

axis. For this channeling direction only atoms in the first
15 2

two layers (1 monolayer = 1.50 xlO atoms/cm ) are visible

to the beam (for an ideal static lattice), atoms in deeper

layers being shadowed by the first atom of each [116] atomic

row. The surface peak intensity in the energy spectrum of

backscattered ions is proportional to the number of atoms

visible to both beam and detector and can be converted direct-
2

ly to an effective density of N atoms/cm or atoms per string

L by a simple standard procedure, which requires knowledge of

the stopping power and the backscattered yield at "random" -;

beam incidence lrlz) .

Projectiles that are backscattered from atoms in the second

layer and leaving the crystal in the direction of a surface

atom are blocked by the latter atom. The location of surface

atoms can be inferred directly from a measurement of the po-

sition of the surface blocking cone relative to the 1110]



bulk blocking direction (fig. 1). The position of the cone

is established experimentally by measuring the surface peak

intensity at various scattering angles around the surface

blocking direction, while keeping the incoming beam direction

fixed. The position of the bulk blocking minimum is deter-

mined by setting an energy window in the lower energy (bulk)

region of the energy spectrum and recording its content du-

ring the same angular scan. Any relaxation effect will show

up as an angular shift A0 of the surface blocking minimum

with respect to the bulk minimum. The presence of thermal vi-

brations might complicate the interpretation of surface block-

ing experiments in terms of surface relaxation. In order

that the measured angular shift truly reflects a change in

the spacing of the first two layers only, backscattering

from deeper layers must be minimized. With the aid of a sim-

ple two-atom model with thermal vibrations 13'1 **) it can be

shown that for 173 keV protons, incident in the [116] direc-

tion the yield backscattered from the third and fourth layer

is negligible for a wide range of realistic thermal vibra-

tion amplitudes, provided the relaxation effect is small.

This is due to the large distance between neighboring atoms

in a [116] string (12.1 8 ) , allowing the shadow cone, cast

by the first atom on the remainder of the string, to grow be-

fore it reaches the second atom. The relative thermal vibra-

tion amplitude is then expected to be always smaller than

the shadow cone radius R (R = 0.36 8 in the Molière approxi-

mation of the interaction potential 1 5 ) ) . It should be noted,

that the above argument only applies if the second atom of

each [116] atomic row has been positioned at the centre of

the shadow cone from the surface atom. However, if the sur-

face is relaxed in- or outwardly, the atoms in the third

layer are slightly displaced from the centre (fig. 1). This

would result in an increase of backscattering from the third

layer. Using the two-atom model we have calculated that a re-

laxation of + 5% increases the hitting probability for these

atoms only by ~ 7 % . We also have verified that in the surface

region the shadow cone cast by the surface atom of an "upper"

[116] string does not interfere with the "lower" 1.116 J atom-
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ic row, which is only a distance of 0.90 8 away. We there-

fore conclude that the [116] axis is suited as an incoming

beam direction for the relaxation experiment, provided the

expansion (or contraction) is smaller than ~5%.

2.2. Apparatus

The experimental set-up consists of a UHV scattering cham-

ber, connected to a 200 keV ion accelerator. In this appara-

tus the target was mounted in a goniometer with three axes of

rotation. To be able to align the equipment and to choose a

new beam spot the sample could be translated along two direc-

tions. A low energy ion gun was available to sputter-clean

the crystal with Ar ions. Target heating was possible in

situ up to 500°C.

The current density of the mass-analyzed beam of protons
2 2

was typically ~0.5 pA/mm , the spot size was ~0.34 mm at

perpendicular incidence. Backscattered protons were energy

analyzed with a 90° cylindrical electrostatic analyzer, re-

solution AE/E = 3.65 x 1O~ , and detected by a Bendix magnetic

electron multiplier. The analyzer is rotatable around the'

target in steps of 0.0375° and subtends a solid angle of

~ 3.6 x10 sr. The scattering angle can be varied between 0°

and 130°. A more detailed description of the experimental

set-up, including data handling and analysis, has been given

in ref. 12.

3. SURFACE PREPARATION

Prior to the surface relaxation measurements the surface

was cleaned by sputtering with 2.8 keV Ar+ ions at glancing

incidence (~10°) in a close-packed direction. After half an

hour of sputtering the target was annealed at 500°C. Then

energy spectra were obtained in double alignment in order to

check the surface cleanliness. The ion beam was aligned along

the [001] and the analyzer along the [110] or [111] bulk

directions. No detectable amounts of S, C, O or Ar were found
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(fig. 2a). In order to determine the detection sensitivity

for C and O we repeated the measurement with CO adsorbed on

the surface. Pure CO gas was let in to maintain a partial CO

pressure in the vacuum system of ~ 2 x10 Torr during the

measurement. The effect of CO adsorption is shown in fig. 2b.

As expected, equal amounts of C and 0 are adsorbed, the co-

verage being ~0.3 of a monolayer. From the area under the O

and C peak after background substraction the detection limit

is estimated to be ~0.1 monolayer for C and ~0.05 for 0.

4. RESULTS AND DISCUSSION

4.1. Surface relaxation

For the reason described in section 2.1 the relaxation

measurement has been performed with a beam of 173 keV protons

aligned along the [116] axis. The minimum yield in the sin-

gle-aligned channeling spectrum is found to be ~13% of the

random yield. This high value is due to the small lateral

distance between two neighboring [116] rows (0.90 8) . How-

ever, the energy (depth) resolution of the electrostatic

analyzer is sufficiently high that the surface scattering

can easily be resolved. The surface peak area converted to

the number of atoms exposed to the beam was measured to be
15 2

N = (2.7 + 0.3) xio atoms/cm in single alignment, which is

equivalent to L = 0.9 + 0.1 atoms per [116] string, in fair

agreement with the expected value.

The blocking scan was performed by rotating the analyzer

in small steps around the [110] direction and recording the

surface peak intensity at each scattering angle. The target

temperature was 420 K during the measurements. The results

are presented in fig. 3, together with the bulk blocking

data. The minimum yield from the bulk under double alignment

drops to 4°/oo of the "random" yield. In the angular region

near double alignment the background below the surface peak

becomes negligible. Therefore, in the minimum of the surface

blocking pattern the error in the data points is largely sta-



- 50 -

60 65 70 75 80 85 90 95
*• scattering angle 6 (degree)

Fig. 3 - Blocking minima for protons incident in the ll'6i

direction and scattered from surface and bulk atoms.

The various symbols in the surface blocking dip

refer to different angular scans through the mini-

mum. The dotted line depicts the angular dependence

of the Rutherford cross section o,,.
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tistical. In the sides of the dip, near single alignment, a

simple "fold-over" method similar to the one described in

ref. 1 has been used to obtain the area of the surface peak.

The large error bars in this region of the blocking curve

stem from uncertainties in the procedure of extrapolating the

low energy part of the surface peak down to zero. In an ear-

lier preliminary analysis of the [110]-surface blocking data
2) we obtained a blocking minimum in which the upper half

was wider than shown in fig. 3. This was due to a different

background correction. However, it does not affect the shape

of the curve near the minimum.

The blocking data have been collected in three different

angular scans in order to check the reproducibility. Typical
17 2

beam dose per scan was ~ 5 x10 ions/cm . In spite of the

high beam doses which have been used, no damage effects due

to the ion beam have been observed. Damage induced by the

beam in the surface region of the crystal would show up as

an increase in surface peak area.

The slopes of the curves in fig. 3 follow the familiar

Rutherford cross section law in the angular region far out-

side the blocking cone. An accurate value for the relaxation

parameter x (fig. 1) is most easily obtained if the curves

are divided by the "single scattering" Rutherford cross sec-

tion. This is shown in fiq. 4, where the [110] bulk data have

been replaced by an arrow at the position of the bulk mini-

mum. Both surface and bulk blocking data have been fitted to

a second degree polynomial within the angular range where the

data are most accurate (74° < 0 <79°). The surface blocking

minimum is found to be shifted with respect to the bulk mini-

mum by A0 = 0.4° towards larger scattering angles. We there-

fore conclude that the Pt(lll) surface shows a small outward

relaxation of x =0.03+ 0.02 8. This is equivalent to an ex-

pansion of x/ax 100 = 1.5 + 1% in interplanar spacing, which is

in good agreement with LEED work by Kesmodel and Somorjai
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4.2. Surface peak width

In the above investigations it was found that for beam in-

cidence along [116] the FWHM of the surface peak AE varied

with the angular setting of the analyzer (fig. 5). A minimum

in AE was observed for detector positions lying within the

angular region of the [110] surface blocking cone. In double

alignment the width of the surface peak was found to be equal

to the detector resolution (630 eV).

An increase in AE at both edges of the blocking cone may

be attributed to elastic energy transfer via double collis-

ions. Protons which have undergone small angle scattering

with a surface atom either have larger or lower backscattered j

energy than singly scattered ions, depending on the side of

the blocking cone at which they emerge from the crystal sur-

face *•) . This phenomenon is well known in low energy ion

scattering work 1 6 ' 1 7 ) . Fig. 6 shows the various branches in

backscattered energy we have calculated numerically with the

aid of a static two-atom model in which a Molière interaction

potential 15) between projectile and surface atom is assumed

to account for the screening of the electrons. The difference

in backscattered energy between points A and B in fig. 6 is

only 50 eV, which is smaller than the observed enhancement

in AE near the edges of the cone.

The effect of inelastic energy loss for projectiles back-

scattered from the second layer has to be taken into account

also. The projectile loses continuously small amounts of ener- j

gy to the electrons of the solid along its incoming and out-

going trajectory. As a result, projectiles backscattered

from atoms in the second layer have lost more energy to the ;

electrons than those backscattered from the very surface. U .

From fig. 5 it is estimated that protons, backscattered from |

the second layer in a direction well outside the [110J block-

ing cone suffer an energy loss of ~ 200 eV over a total path •;

length of ~9 8. This yields an average stopping power of

~ 22 eV/8 for 173 keV protons along this specific trajectory, •

a value which is close to the random stopping power of 23 eV/ •?

8 1 9 ) . This is not surprising since the largest part of the

trajectory proceeds along the densely packed [116J atomic rows. ;
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4.3. Surface thermal vibrations

The blocking curve in fig. 4 has been compared with two

atom model calculations. The fitting parameter is P T: the

transverse two-dimensional r.m.s. thermal vibration amplitude

of the surface atom relative to its interior neighbour along

the blocking direction l l f ) . A Gaussian probability distribu-

tion has been used for the relative thermal displacement.

First we have tried to fit the data with the bulk thermal vi-

bration amplitude, as calculated in the Debye model and in

the absence of correlations: p T bulk
 = 0* 1 6 ^ a t T = = 4 2 0 ° K *

This yields a blocking curve (dashed line in fig. 4), which

is too shallow in comparison to the experimental curve. Good

agreement with the data has been obtained for P T = 0.10 8

(solid line in figs. 3 and 4).

However, the best fit value of P T is subject to some error

which stems largely from a 5% uncertainty in establishing the

single alignment level in the blocking pattern. Taking this

into account P T is expected to lie somewhere in the range

0.10 < p T < 0.13 8.

An absolute measurement of the surface peak intensity in

double alignment yields an effective number of atoms of

N = (1.43 + 0.14) xlO 1 5 atoms/cm2 or equivalently L = 0.95 + 0.10

atoms per [110] string. From the model calculations (fig. 5

in ref. 14) one can infer that within the error of the mea-

surement this value corresponds to a thermal vibration ampli-

tude which lies within the above range of p T values.

Our thermal vibration amplitude turns out to be smaller

than the bulk Debye value. This difference can be interpreted

in two ways:

a) the vibrations of two neighboring atoms along a [110]

string are correlated,

b) the presence of steps and terraces may be responsible for

an extra blocking effect. The influence of the latter ef-

fect is difficult to assess quantitatively.

Additional measurements along various combinations of channel-

ing and blocking directions are required to discriminate be-

tween the two possibilities.
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In the above discussion the possible effect of an enhanced

surface vibration amplitude perpendicular to the surface

should also be considered. However, with the present inaccu-

racy of the data, this effect can safely be neglected, since

the relative two-dimensional amplitude p„, transverse to the

[110] direction is rather insensitive to such anisotropy.

This is due to the small angle of 35.3° between surface nor-

mal and [110] axis.

In order to further investigate the effect of thermal

vibrations we measured surface blocking around [110] for beam

incidence along the [001] axis. The nearest neighbour dis-

tance between atoms in a [001] string is only 3.9 2. There-

fore, thermal vibrations are expected to have a larger effect

on the measured number of atoms per atomic row than in the

case of beam incidence along [116].

For an ideal static lattice no surface blocking would

occur, since all atoms in deeper layers would then be perfect-

ly shadowed by the surface atoms. Instead we observe a small

dip (fig. 7). In double alignment the surface peak area
15 2

amounts to N = (1.54 + 0.15) x 10 atoms/cm . In single align-
15 2

ment we find N = (2.0 + 0.2) x 10 atoms/cm , which is equiva-

lent to L = 1.29 atoms per [001] string. Again with the aid of

the two-atom model (fig. 5 in ref. 14) we decuce p T = 0.17 +

0.02 8 for the relative thermal displacement between the

first two atoms in a [001] string. Again, this value can be

compared with the bulk Debye displacement at room tempera-

ture neglecting correlation effects; p T bulk
 = 0* 1 3 ^ T n e

difference may be attributed to an enhanced single atom surface

vibration amplitude perpendicular to the surface. The F 001 I

direction makes an angle of 54.7° with the surface normal.

Therefore, t.;?.e [001] direction is more sensitive to anisotro-

pic vibrations. If we assume Debye temperatures of 111 K and

230 K for the perpendicular and parallel components of the

surface vibrations 1 8) we obtain, again without considering

possible correlation effects, p T = 0.16 8 for the two-dimensio-

nal relative amplitude transverse to the [001] direction.

This value is in good agreement with the'experiment. However,

there remains some ambiguity in the above analysis. Correla-
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tions and enhanced surface vibrations have an opposite effect

on the measured P T value. Hence, reliable values for the ani-

sotropic single atom amplitudes can only be deduced from the

experiment if the degree of correlation in the thermal motion

along the various atomic rows is known.
15 ?

Note th?.t the above quoted number of 1.54 * 10 atoms/cm

observed under double alignment is almost equal to the densi-
15 2

ty 1.50x10 atoms/cm of an ideal Pt(lll) surface. We have

taken this as evidence for a clean and well ordered surface

during the blocking measurements presented in this paper.

However, we cannot exclude that surface disorder introduced

by the proton beam is cancelled completely by steps or ter-

races .

5. CONCLUSIONS

The present work has shown that the relaxation of a clean

Pt(lll) surface, as measured by MEIS, is 1.5 + 1%. This result

is in agreement with LEED work by Kesmodel and Somorjai 9 ' 1 0 ) .

In addition, the blocking measurements have yielded approxi-

mate values for the relative transverse vibration amplitude

of the surface atoms along various crystal directions. On com-

parison with the uncorrelated bulk Debye amplitude we find

evidence for an enhanced perpendicular component in the sur-

face thermal vibrations and possibly some evidence for corre-

lation effects in the thermal motion of two neighboring atoms

in the surface region of a [110] row. However, at this stage

of the analysis the possible influence of surface defects

cannot be discarded.
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C H A P T E R IV

THE EFFECT OF OXYGEN COVERAGE ON SURFACE RELAXATION OF

Ni(IIO) MEASURED BY MEDIUM ENERGY ION SCATTERING

ABSTRACT

Changes have been observed in the upper layer spacing of
a clean and an oxygen covered Ni(llO) single crystal by em-
ploying medium energy ion scattering, combined with channel-
ing and blocking. We find a contraction of 4% for the clean
surface and a minor expansion of 1% for a surface with 1/3
monolayer of adsorbed oxygen.

1. INTRODUCTION

Many LEED studies have reported changes in the interplanar
spacings of the first few layers of a clean single crystal
surface as compared to the bulk spacing. From these studies,
which were accompanied by extensive model fitting, it was
concluded that the upper layers of the Cu, Ni and Al(110)
surfaces were all significantly contracted. Of particular in-
terest is the work on Ni(110) for which a 5% contraction has
been found1). On the other hand, when a surface is covered
by an adsorbed layer, the top substrate layer possibly rcl.'ix-
es back to the bulk arrangement2"1*) or even further out-
wards5»6). In addition the adatoms may induce a lateral dis-
tortion of the substrate surface1*). The technique oT medium
energy ion scattering combined with channeling and blocking7)
is particularly suited to investigate these problems. Here we
report the measurement by this technique of Ni(110) surface
relaxation for a clean surface and a surface covered with 1/3
monolayer of oxygen.
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2. MliTIIOI) 01: ANALYSIS

When combined with channeling and blocking,medium energy

ion scattering has a very high surface specificity. If a

parallel beam of mono-energetic light ions is aligned along

a major axial direction of a single crystal the yield of

backscattered ions is significantly reduced by the channeling

of feet. The backscattered energy spectrum then shows a dis-

tinct surface peak at the high energy side which represents

the interaction of the beam with the surface region of the

solid8). The subsurface atoms are shadowed by the first atom

of each aligned atomic string to which they belong. A further

reduction of the backscattered yield from the bulk is obtai-

ned by aligning not only the incoming beam direction but also

the outgoing direction to the detector along a low index axis

of the crystal. Projectiles which are scattered back from a

lattice position are prevented from emerging along this

lattice string due to blocking. The surface peak area in the

backscattered energy spectrum is proportional to the number

of atoms visible to both incoming beam and detector and can

be converted directly to an effective density of N atoms/cnr

(or atoms per string L) by a simple standard procedure, which

requires knowledge of the stopping power and the yield at

"random" beam incidence.

The principle of the method employed to measure surface

relaxation effects in Ni(110) is identical to the one des-

cribed in ref. 9 and is illustrated in fig. 1. The incoming

beam direction is chosen such that only atoms in the first

two layers are contributing to the backscattered yield in the

surface peak (1 monolayer = 1.14x10 atoms/cm ) . Projec-

tiles backscattered from atoms in the second layer and lea-

ving the crystal in the direction of an atomic string are

blocked by the surface atoms. The resulting angular distribu-

tion of particle flu^. has a minimum along a surface blocking

direction and is measured by rotating an energy analyzer in

small steps around the blocking direction and recording the
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surface peak intensity at each scattering angle. The loca-

tion of surface atoms can be inferred directly from a measure-

ment of the position of the surface blocking minimum relative

to the bulk blocking direction. The position of the latter

minimum can be established by setting an energy window in

the lower energy (bulk) region of the backscattered energy

spectrum and recording its content during the same angular

scan.

In an earlier attempt to measure Ni(110) surface relaxa-

tion by medium energy ion scattering no effect was found9).

In those experiments protons of 200 KeV instead of 100 KeV

were used, which has the disadvantage of observing backscat-

tering from third and fourth layers, see below. Consequently

the observable effect of relaxation is much reduced. In ad-

dition typical doses of the analyzing beam were an order of

magnitude larger than in the present experiment, whereas

target annealing was limited to a temperature of 800 K.

Therefore beam-induced damage in the earlier experiments may

have affected the results also.

3. EXPERIMENTAL SET-UP AND SURFACE PREPARATION

In the present experiment a mass-analyzed beam of 100 KeV

protons was directed into a UHV scattering chamber at a base

pressure of 2*10~ Torr. The chamber was coupled to the

accelerator via a differentially pumped beam line. The pres-

sure in the chamber with beam on target was < 3* 10 Torr.

The beam current density was typically ~ 4 JJA/CHI . The

target was mounted on a goniometer with three axes of rota-

tion and with the possibility of choosing a new beam spot by

vertical translation. The sample could be heated in situ to

1300 K by electron bombardment of the backside. A low energy

Ar ion gun was available to sputter-clean the crystal. Back—

scattered protons were energy analyzed by a 90° cylindrical

electrostatic analyzer, resolution Ali/li = 4x10 " and detected
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by a Bendix magnetic electron multiplier. The analyzer is ro-

tatable around the target in steps of 0.037 5° and subtends a

solid angle of 8 * 10~ sr.

Before mounting in the collision chamber, the nickel sin-

gle crystal was mechanically and chemically polished. The

crystal was cleaned by cycles of sputtering (2.8 keV Ar at

glancing incidence, doie 3x10 ions/cm ) and annealing

at 1120 K under a vacuum of 3x10" Torr. During sputtering

the target was kept at a temperature of 570 K. The surface

composition was monitored by ion scattering under double

alignment conditions, with channeling along the [1011 direc-

tion and blocking in the C01Ï] direction. Energy spectra

obtained in this way showed an extremely low minimum yield

(< 1.5°/oo). Thus a very good signal to background ratio was

obtained for quantitative detection of light impurities such

as S, 0 and C, whenever present on the surface. The detection

limit for these elements is estimated to be ~ 0.02, 0.05 and

0.1 monolayer respectively. Initially the spectra showed half

a monolayer of segregated sulfur, that gradually disappeared

after many sputter-anneal cycles. The oxygen covered surface
— 8

was prepared by exposure to 10 Torr O 2 for 200 sec at room

temperature, which resulted in an oxygen peak in the back-

scattered energy spectrum as indicated in fig. 2. After a

dose of 3* 10 ions/cm (which is needed for a complete

angular scan) less than 0.1 monolayer of oxygen was removed

by ion impact, the average coverage being 0.35 _+ 0.05 mono-

layer. During this measurement period no beam-induced dis-

placement of Ni atoms was observed. Such damage effects,

when present, would certainly have resulted in an increase

of the Ni surface peak as a function of dose (the minimum

dose used in this test was 1.5» 10 " ions/cm**).

4. RESULTS AND DISCUSSION

F o r t h e s u r f a c e r e l a x a t i o n e x p e r i m e n t t h e s c i t t e r i n j > p l a n e

w a s c h o s e n t o b e t h e ( T i l ) c r y s t n 1 l o j > r ; i p h i c p l a n e ( f i j > . I ) - W i t h

t h e 1 0 0 K e V p r o t o n b e a m i m p i n g i n g m i t h e c i y s t . i l p a r a l l e l t o
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Fig. 2 - Energy spectrum of protons backscattered from a

Ni(110) surface covered with 1/3 monolayer of

oxygen.
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the C3?43 direction, blocking scans were performed within a

narrow range of _+ 4° around the CO1T] direction. This parti-

cular choice of beam energy and incoming beam direction was

dictated by the following considerations. In general the in-

terpretation of surface blocking experiments in terms of re-

laxation effects might be somewhat complicated by the presen-

ce of surface thermal vibrations. The surface peak intensity

might include contributions from atoms further along the axial

string if the transverse thermal vibrations allow them to

appear outside the shadow cone formed by the; small angle

scattering from the first atom. This would result in more

than two monolayers being visible to the beam, with a corres-

ponding blurring of the measured relaxation effect..

By our choice of experimental parameters, however, the shadow

cone radius is made to grow to such an extent that the back-

scattered contribution from the third and fourth atomic layer

is expected to be only ~ 5% of the total surface peak inten-

sity9) . This was confirmed experimentally: the surface peak

intensity in single alignment (channeling only) was measured

to be 2.28 j* 0.23 monolayers being visible to the beam. This

corresponds with L = 1.14+ 0.12 atoms per [3Ï4] string, which

is in good agreement with the expected value.

The blocking experiments were carried out in the following

order:

a) sputtercleaning + annealing followed by a blocking scan

on clean nickel,

b) annealing and exposure to oxygen followed by a blocking

scan.

The measurements where then repeated in the same order and

were found to be fully reproducible. The total dose between

two successive annealing treatments did not exceed 3« 10

ions/cm2. All measurements were taken with the target at

room temperature. •

The results are shown in fig. 3, together with the hulk

blocking data. The data have boon divided by the angular

dependent Rutherford cross section oR(0) in order to obtain

symmetric blocking patterns. The full curves are polynomial
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Fig. 3 - Blocking minima for protons incident in the [314 1

direction and scattered from surface and bulk atoms,

solid points, clean surface; open points, oxygen

covered surface- Measurements were taken in the order

•, O, •, D.
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fits to the data points. The blocking minimum of the clean

surface is significantly shifted towards a smaller scatter-

ing angle, which means a contraction of the upper layer

spacing. On the other hand, a slight expansion is observed

for the oxygen covered surface. The angular shifts are - 0.9°

and + 0.2° respectively. The accuracy in the location of the

minima is mainly determined by the angular position of the

energy analyzer. We estimate the total error to be + 0.2°

which is equivalent to ĵ  0.01 8 uncertainty in lattice posi-

tion. Converting the measured shifts into percentages of the

interplanar bulk spacing (1.25 8 ) , we conclude that the upper

layer spacing of the clean surface is contracted by 4 ^ U

and that the surface covered with 1/3 monolayer of oxygen

shows a small expansion of 1+11. Our result on clean nickel

is in agreement with LEED work by Demuth et al. 1). The mea-

surements on oxygen covered nickel confirm LEED analysis of

adsorbed overlayers2"1*) : due to the presence of adsorbed

oxygen the upper layer spacing changes back to the bulk value.

One more conclusion can be drawn from the blocking experi-

ments. An absolute measurement of the surface peak intensity

in double alignment yields (1.78+_0.18) * 10 atoms/cm or

L=1.56± 0.16 atoms per [01Ï] string for both clean and oxy-

gen covered nickel. The 101 error in L arises from incer-

tainties involved in establishing the 'random' backscattered

yield, which is necessary for normalizing the data. The re-

lative accuracy of both blocking minima is independent of

this normalization procedure and largely determined by the

statistical spread in the data-points. The minimum yield

for the oxygen covered surface is only 2^4& higher than

the clean surface yield (fig. 3). This result indicates

that a low coverage of oxygen does not induce significant

lateral displacements of nickel atoms, since such an effect

would certainly have manifested itself as an increase of

the surface peak intensity in double alignment. It also ex-

cludes a structural model in which for example every other

[001] surface row is absent, since this would have resulted

in an extra blocking effect. Our findings arc consistent
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with a model proposed in ref. 4 where oxygen resides on top
of the substrate layer and also with other works which re-
port that incorporation in the bulk and NiO island formation
occur at larger exposures9-12).
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C H A P T E R V

ION-BEAM CRYSTALLOGRAPHY OF CLEAN

AND SULFUR COVERED Ni(llO)

ABSTRACT

Medium energy ion scattering has been used to determine

the atomic structure of a Ni(llO) surface covered with 0.5

monolayer of sulfur. After having confirmed that the sulfur

atom resides in a fourfold-coordinated hollow site, it was

found that its distance above the plane of the first Ni layer

is 0.87 ±0.03 fl. We measured a 6 +_3% outward relaxation

effect for the sulfur covered Ni(llO) surface layer and an

inward relaxation of 4+_1% when this surface is clean.

1. INTRODUCTION

The chemical properties of a metal surface, clean or cover-

ed with some adsorbate, depend on the detailed structure of

the outermost layer. Therefore, a precise location of both

substrate and adsorbate atoms in the surface of a single

crystal may be of vital importance in understanding its

catalytic properties l#2) . Such a study is the more inter-

esting, since the presence of an adsorbed overlayer may

cause significant changes in the substrate structure. The

latter effect generally complicates LEED analysis of adsorbed

overlayers. The present work shows, for the first time, that

Medium Energy Ion Scattering (MEIS) when combined with chan-

neling and blocking is particularly suited to determine both

overlayer and substrate structure independently but simulta-

neously and with high precision.

The present study gives a structure determination of a

Ni(llO) surface covered with 0.5 monolayer of sulfur. The

crystallography of various chalcogen overlayers on Ni has

also been the subject of low energy ion scattering studies

(a few keV He + or Ne+) 3 ~ 5 ) . However, in this ion energy
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range the assignment of structural parameters is very sensi-

tive to the particular choice of interaction potential be-

tween projectile and target. Mainly due to a lack of detail-

ed knowledge of the electron screening and also due to neu-

tralization effects 6) uncertainties involved in this type

of analysis are at least + 0.2 8. In contrast the use of

light ions (H+, He+) in the medium energy range (50 < E < 200

keV) provides a method of surface structure determination,

which is based on geometrical considerations only 7 / 8 ) . This

is a considerable advantage leading to a direct and unambi-

guous determination of the atomic geometry and the distance

d. of the overlayer atoms to the first nickel plane with an

accuracy of + 0.03 8.

We have achieved a comparable precision in measuring the

structural parameters of the sulfur covered Ni(110) substra-

te. With a few exceptions K)""12), most LEED studies assume

the top substrate layer to be a continuation of the bulk

structure, being unaltered by the overlayer. In a previous

MEIS study 13) it was found that this assumption indeed holds

for Ni(110) covered with 1/3 monolayer of oxygen. The present

work however shows a significant outward expansion of the-

first substrate layer upon adsorption of sulfur. Similar ef-

fects have been observed in LEED analyses of C/Ni(001) and

O/Fe(001) ^ f 1 1 ) .

An account of the experimental method, together with a

brief description of the apparatus is given in sections 2 and

3. Details about surface preparation and beam dose effects

are given in section 4. Experimental results, obtained on

both clean and S-covered Ni(110), are presented in section 5.

Finally, in section 6 the results are analyzed in more detail

with the aid of a simple model calculation of the scattering

process, including thermal vibrations.

2. EXPERIMENTAL METHOD

Principles of the channeling/blocking method have been ex-

tensively reviewed in refs. 7 and 8. Here we mainly present
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the details relevant to the location of sulfur atoms. For

illustration, let us postulate that an ordered overlayer of

sulfur is adsorbed in the fourfold-coordinated sites of the

Ni(llO) surface, as is shown in the top view of fig- la.

This geometry gives rise to the well-known c(2 x2) pattern

observed in LEED. We have selected the (111) plane as a scat-

tering plane. From each pair of neighbouring planes, only

one is containing sulfur. A side view of this plane is given

in fig. lb. The scattering geometry is outlined in fig. 2.

A parallel beam of 100 keV protons is aligned along the [101]

direction. Suppose further, that the sulfur atoms are suf-

ficiently off "lattice" positions not to cause scattering

from sulfur prior to scattering from the nickel [101] string

(see section 6). Backscattering occurs mainly from the sur-

face atom of each string, the remainder lying in the shadow

cast by the surface atom. However, the shadowing effect is

imperfect due to thermal vibrations and an appreciable frac-

tion of the second layer is also hit by the incoming beam.

Projectiles, that are backscattered from a surface atom

via a large angle collision in the direction of a neighbour-

ing sulfur atom,are blocked on their outgoing path. Thus the

sulfur atom casts a blocking cone (cone 'a' in fig. 2) which

in principle is a forbidden zone for outgoing trajectories.

Again, thermal vibrations cause a blurring of the cone which

weakens the blocking effect. An additional less pronounced

blocking effect is produced by the same sulfur atom due to

blocking of particles "emitted" from the second layer (cone

'c' in fig. 2). The position of the sulfur atom is determined

by measuring the directions of blocking cones 'a' and 'c' re-

lative to some reference axis, which is taken to be the I01ÏI

bulk direction. Measurement of the direction of blocking cone

'a' alone still leaves two alternatives: obviously the sulfur

atom is situated somewhere along the central axis of the

cone, but it can only reside either on a 'top' site or in a

fourfold-coordinated hollow site. By triangulation, using

the positions of blocking cones 'a' and 'c', one can assign

a unique site to the sulfur atom, also yielding a value for

the height d^ above the first Ni plane (see fig. 2).
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Fig. la - Top view of the Ni(110) surface covered with 0.5

monolayer of sulfur in a c(2 x 2) geometry

lb - Side view of the (J. 11) plane, perpendicular to the

(110) surface plane. For simplicity no surface re-

laxation is assumed.
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two atom scattering geometry
from three substrate layers
1/2 monoiayer S on fourfold site
o : nickel
• : sulfur
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[Oil]-bulk

o—
second layer

third layer

Fig. 2 - Scattering geometry in the (111) plane of a sulfur

covered Ni(llO) surface for scattering from first,

second and third layers.
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The structure of the first substrate layer is determined

in an analogous way. Projectiles emitted by an atom in the

second layer and subsequently blocked by a neighbouring atom

in the first layer produce blocking cone 'b' in fig. 2. By

determining the angular shift A0 between surface and bulk

[Oil] blocking directions one obtains a value for the relax-

ation parameter x. (x/a) * 100% is the fractional change in

spacing between first and second nickel layer as compared to

the bulk interlayer spacing a (= 1.24 8 ) . The sign of x de-

pends on whether the surface layer is expanded or contracted.

Due to thermal vibrations a small fraction of the third

layer is also hit by the incoming beam, which leads to addi-

tional blocking effects, cones 'd' and 'e' in fig. 2, compli-

cating our analysis (see discussion in section 6).

Various blocking effects correspond with minima in the

yield of backscattered protons. The positions of these minima

are established by measuring the surface peak intensity in

the energy spectrum of backscattered ions as a function of

scattering angle 0, while keeping the incoming beam direction

fixed. The surface peak intensity is proportional to the

number of atoms visible to both beam and detector and can be

converted directly into an effective density of N atoms/cm

or atoms per string L by a simple standard procedure, which

requires knowledge of the stopping power and the backscatte-

red yield at 'random' beam incidence 1 4 ) .

3. EXPERIMENTAL SET-UP

A mass-analyzed beam of 100 keV protons was directed into

a UHV scattering chamber at a base pressure of 2 x 10~ Torr.

The chamber was coupled to the accelerator via a differential-

ly pumped beam line. The pressure in the chamber with beam on

target was ~3 * 10~ Torr. The beam current density was typi-

cally ~4 iiA/cm . The target was mounted on a goniometer with

three axes of rotation and with the possibility of choosing

a new beam spot by vertical translation. The sample could be .

heated in situ to 1300 K by electron bombardment of the back-

side. A low energy Ar ion gun was available to sputter-clean
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the crystal. Backscattered protons were energy analyzed by a

90° cylindrical electrostatic analyzer, resolution AE/E =

4 x 10 and detected by a Bendix magnetic electron multiplier.

The analyzer is rotatable around the target in steps of

0.0375° and subtends a solid angle of 8 * 10 sr. A more de-

tailed description of the apparatus has been given in ref.

14.

4. SURFACE PREPARATION, BEAM DOSE EFFECTS

Before mounting in the collision chamber the nickel single

crystal was mechanically and chemically polished. Prior to

sulfurization the surface was sputter-cleaned (2.8 keV Ar+

at glancing incidence, dose 3 x10 ions/cm ) while keeping

the target temperature at 570°K, followed by annealing at

1120 K for ~4 minutes. The surface composition after such

treatment was quantitatively determined by recording a back-

scattering spectrum in double alignment (channeling along

[101] and blocking along C01Ï]). Initially some sulfur segre-

gated to the surface during the high temperature annealing.

This process stopped after many sputter-anneal cycles, re-

sulting in a surface free of S, O and C impurities, to within

a detection limit of. ~0.02, 0.05 and 0.1 monolayer respecti-

vely.
•

The clean surface was sulfurized by exposing it to H9S at
_7 ^

a partial pressure of 1x10 Torr for a period of 20 to 100

sec while the crystal was kept at a temperature of 470 K.

H-S decomposes at the surface, which is then being covered

with S up to a saturation coverage of 1/2 monolayer. Indeed

we measured that no further adsorption took place beyond this

coverage. After exposure it was verified that no C or O was

co-adsorbed. A typical energy spectrum of ions backscattered

from the sulfur covered surface is shown in fig. 3.

For the blocking measurements on the sulfur covered sur-

face it is essential to minimize the removal of sulfur by

ion impact. In order to quantitatively assess the effect of

the analyzing beam the sulfur peak was monitored as a func-
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tion of beam dose. The result is shown in fig. 4 on a semi-

logarithmic plot. An initial removal rate of ~0.1 monolayer/

(10 ions/cm ) is observed. Therefore we have chosen a maxi-

H U M allowable beam dose of 2 x10 ions/cm for the blocking

measurements on the sulfur covered surface (see section 5.2).

5. EXPERIMENTAL RESULTS

5.1. Clean surface

The scattering geometry is that of fig. 2. The blocking

pattern of the clean surface will include cones 'b' and 'd',

the measurement of which serves as a guide to understanding

the more complicated data for the sulfur covered surface.

Angular scans were performed by rotating the analyzer between

scattering angles of 49° and 69° in steps of 0.375° and mea-

suring the surface peak area at each angular setting. During

the measurements the crystal was at room temperature. The

blocking pattern has been measured in parts, each of them

being preceded by sputter-cleaning and an annealing treatment

at 1120 K. After a beam-spot had been bombarded by ~4 * 10
2

ions/cm a new spot was chosen by vertical translation of the

target. Approximately 7 beam spots were used for each part of

the full blocking measurement, thus avoiding surface damage

effects.

Both surface and bulk blocking patterns are shown in fig.

5, where the surface peak area has been expressed in L, the

effective number of atoms per [011] string. The latter con-

version requires knowledge of the stopping cross section of

100 keV H + in Ni, for which we have taken c =24.6 eV/(1015

at/cm) 1 5 ) . In addition it requires a measurement of the

backscattered yield when the beam is incident along a 'rand-

om' direction, which has an experimental uncertainty of ~1O%.

The random spectrum has been recorded only at a scattering

angle of G=60°. L-values at other scattering angles have

been obtained by dividing out the angular dependence of the

Rutherford scattering cross section. A 10% uncertainty in

establishing the random level will only affect the vertical
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scale of fig. 5. The degree of accuracy in the shape of the

blocking pattern, i.e. the lattice location measurement, is

much better and only determined by a ~ 3 % statistical error

in each data point. The large blocking effect seen in fig. 5

can be identified as cones 'b' and 'd' in fig. 2, see dis-

cussion in section 6.

5.2. Sulfur covered surface

The blocking measurements on the sulfur covered surface

were performed in a similar way as described above. Again,

the full blocking pattern has been obtained in parts, each

angular scan being preceded by sputter-cleaning, annealing

and exposure to H-S. Subsequent to exposure the measurements

were resumed when K~S had been pumped away and the crystal

cooled down to room temperature. By vertical translation of

the target the maximum beam dose per spot was reduced to

~ 2 x10 ions/cm , which resulted in less than 0.02 mono-

layer of sulfur being sputtered from the surface (see fig. 4)

The blocking pattern for the sulfur covered surface is

shown in fig. 6. Also the clean surface data are indicated

for comparison*. A new fully reproducible blocking dip is ob-

served at scattering angles between 49° and 55°. We identify

this minimum as being the one labeled 'a' in fig. 2. The

large minimum near 60° is again due to Ni - Ni blocking (cones

'b' and 'd' in fig. 2) and is wider by an amount 6 in compa-

rison to the clean surface, probably due to the sulfur cones

'c' and 'e', as will be discussed below.

6. DISCUSSION

6.1. Clean surface

Fig. 5 shows that the minimum of the blocking pattern is

shifted with respect to the bulk minimum towards a smaller

scattering angle. We find a shift of AO =-1.0° which is equi-

valent to a surface contraction of (x/a) xl00=- 4%. This
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* ) : position of the Ni-S blocking cone, in accor-

dance with d^-spacing of ref. 24.
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value is in nice agreement. with a -4 + 1% inward relaxation

determined in a previous MEIS study 13) and with -5% found

in LEED work : 6 ) .

In the following the overall shape of the pattern and the

measured L values will be discussed in terms of a simple

two-atom scattering model including thermal vibrations 1 7» 1 8)

We use this model to calculate each blocking cone separately.

In the calculation it is assumed that one atom acts as a

point source emitting particles that are subsequently blocked

by another atom, which is thermally vibrating. A Gaussian

probability distribution is used for the relative thermal

displacement. An input parameter of the model is the trans-

verse two-dimensional relative r.m.s. thermal vibration am-

plitude P T, being 0.14 8 in the bulk Debye approximation

(©D = 390°K). A Molière interaction potential is used for cal-

culating the small angle scattering from the blocking atom

19,20). By virtue of Lindhard's reversibility rule the calcu-

lation can be applied to both shadowing and blocking Z 1 ) .

The magnitude of blocking effects 'b' and 'd' depends on

the effectiveness of the shadow along [101]. For an unrelax-

ed surface the hitting probability for the second layer

nickel atoms is calculated to be 39%. The two-atom model is

incapable of predicting a hitting probability for the third

layer. A Monte Carlo calculation by Barrett 2 2) also yields

39% for the second layer (in agreement with our calculation)

and 6% for the third layer. For a -4% contracted surface Mon-

te Carlo calculations are not available. However, the two-

atom model predicts an increase of the second layer contribu-

tion to 44%. The 6% hitting probability of the third layer

increases by an unknown amount. We estimate this contribution

to be ~10%. As a result we find for the number of atoms per

[10l]-string being exposed to the beam: 1^1 + 0-44 + 0.10 =

1.54 atoms/string. The total pattern has been calculated by

adding blocking cones 'b' and 'd', weighted with the appro-

priate percentages and positioned at scattering angles of

59.0° and 59.5° respectively, in accordance with -4% relax-

ation. The result is shown in fig. 7. It is seen that the

agreement with the data is excellent. In the calculation of
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'd' we have considered only a single blocking by the surface

atom. This is slightly incorrect, since blocking of the

third layer is caused by both surface- and second layer. This

double-scattering problem can only be treated properly in a

Monte Carlo simulation. Nevertheless, the shape of the total

pattern is only slightly affected by this error.

6.2. Sulfur Covered surface

Fig. 6 shows that for this surface additional blocking

features are present which are not observed for the clean

surface. These blocking effects are clearly due to adsorbed

sulfur. Consequently, the position of the sulfur atom must

be lying somewhere in the (111) collision plane. This imme-

diately rules out the possibility of having sulfur bonded in

the two-fold bridge site on top of a [001] surface row,

as has been conjectured in ref. 23. The minimum of cone 'a'

is found at a scattering angle of 52.0°, whereas 'c1 is less

pronounced and superimposed on the left side of the large

Ni - Ni blocking cone 'b' near 0~57 . The latter blocking dip

is shifted towards larger scattering angles over an amount

6 =2.5° relative to the position of the clean surface dip.

We are now in a position to derive the adsorption geometry,

the nickel-overlayer distance d. and the relaxation of the

substrate.

There are two positions available for the sulfur atom: it

resides either on top of a Ni-atom or in a fourfold-coordina-

ted hollow site. Given the position of 'a' at 0 = 52.0°, we

should find 'c' at a scattering angle of 54.8° in case the

sulfur is adsorbed on a 'top site', whereas for the fourfold

site it is predicted at 56.9°. It is seen that only the four-

fold-coordinated position is consistent with the data, further

evidence will be given below.

From the position of the Ni-S blocking minimum at 0 =

52.0+0.5° we derive a height of d± = 0.87 + 0.03 8 for the

sulfur atom above the first Ni plane. The +0.5° estimated

error in the location of the minimum arises from statistical
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Fig. 7 - Two-atom model calculation for scattering from

the clean Ni(110) surface. Experimental data of

fig. 5 are shown for comparison.
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scatter in the data points. For comparison we have indicated
in fig. 6 the scattering angle at which sulfur blocking
should occur for a d^-spacing of 0.93 8, obtained in LEED
work 2 **). The horizontal bar indicates the LEED uncertainty
of + C.I %, converted in scattering angle. This comparison
not only shows that there is agreement between both different
methods, but also that the MEIS result is approximately a
factor of 3 more accurate than the LEED data.

At least as interesting is the shift 6=2.5 + 0.5° of
blocking cone 'b' towards larger scattering angles. This
corresponds to a large total outward relaxation of +10% com-
pared to the clean surface. The clean surface was found con-
tracted by -4 + 1%, thus the sulfur covered surface shows a
net expansion of -4 + 10*6+3%, being equivalent to a dis-
placement of 0.07 S. The error in the latter relaxation
value is somewhat larger than usual» since only one half of
the blocking dip can be used to determine its position.

Again the two-atom model has been used to show that the
above atomic geometry gives rise to a calculated pattern
which matches the experimental data closely. We have used
the same percentages for the hitting probabilities as for
the clean surface. Note that only half of the (Til) planes
contribute to the Ni-S blocking. The blocking patterns aver-
aged over all planes are shown in fig. 8 and are positioned
at 0 a = 52.O°, e b = 61.5°, 0C = 56.9°, 0d = 6O.7° and 0e = 58.O°,
in accordance with +6% relaxation and dĵ  =0.87 A. Blocking
cones 'b' and 'c' are partially overlapping, which means
that protons are doubly scattered from both Ni and S. For
this case our two-atom blocking model is again an oversimpli-
fication. We have made a tentative estimate of the resultant
blocking effect by substracting 'c' from 'b', which yields
the dashed line in fig. 8. The same procedure has been applied
to 'd' and 'e'. In spite of these approximations the agree-
ment with the experiment is surprisingly good, giving strong
support for the proposed structural model.
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7. CONCLUSION

A hard sphere model of the clean and sulfur covered sur-

face as derived from our blocking measurements is shown in

fig. 9. Each Ni atom has been given a radius of 1.24 8 (the

so-called metallic radius), being determined by the bulk lat-

tice spacing. The Ni spheres are assumed to be unchanged by

sulfur adsorption. Using our experimental value for the dj^-

spacing of sulfur we find a bond length of 2.32 S between S

and its neighbour in the first layer. However, the adsorbate

atom is sunk deep in the fourfold hollow site so that the

distance to its neighbour in the second layer is only 2.18 8.

A useful way of interpreting these numbers is to introduce

an effective radius of the sulfur atom being the bond length

minus the metallic radius. We derive sulfur radii of 0.94 8

and 1.08 8 for the bonds to the second and first substrate

layer. Both values are close to the standard single-bond

covalent radius (1.04 8) and significantly smaller than the

ionic radius (1.69 8) suggesting a bonding of covalent char-

acter 2 5 ) .

Our value for the d.-spacing (dĵ  =0.87 + 0.03 8) is in

agreement with the value found in LEED work 2fy) (6.^ =0.93

+ 0.1 8). The difference between these two values is proba-

bly insignificant in view of the +0.1 8 uncertainty of LEED,

but might also be attributed to the incorrect assumption made

in the LEED analysis that the sulfur covered surface is un-

relaxed 2 6>. In this connection it is noteworthy that the

difference between both d^-spacings is almost exactly compen-

sated by the 6% (0.07 8) expansion of the first interlayer

spacing of the substrate observed in our measurements, resul-

ting in identical values for the bond length of sulfur to the

second nickel layer.

The observed 6% expansion is probably caused by a tenden-

cy of the Ni surface atoms to make a planar arrangement with

the sulfur. This can only be achieved by having the Ni atoms

lifted up, since the sulfur atoms have already come to rest

on top of the second layer. A similar type of 'strain' in

the substrate geometry has been observed for O/Fe(001) 1 1 ) .
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• : nickel
O: sulfur

a=1.24A

Fig. 9 - Hard sphere model of the clean and sulfur covered

Ni(llO) surfaces. Dashed lines: Ni spheres in the

surface layer of clean Ni(llO), showing a contrac-

tion of 4%. Solid lines: Ni spheres of the sulfur

covered surface, showing an expansion of 6%.
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In this case the chalcogen atom is also located deep inside

the fourfold hollow. In contrast, the adsorption behaviour of

oxygen on Ni(llO) is entirely different. In a previous chan-

neling/blocking experiment we have investigated the effect of

oxygen adsorption on surface relaxation of Ni(llO) 1 3 ) . Only

a minor expansion of 1+1% and no lateral reconstruction was

observed for a surface covered with 1/3 monolayer of adsorbed

oxygen. In this experiment we did not determine the binding

configuration of the oxygen atom, however, there is evidence

from LEED work 2 6) and low energy ion scattering 3) that the

oxygen chooses to sit on top of the short bridge of the rec-

tangular Ni(llO) unit cell. The fact that an outward expan-

sion is observed for S adsorption and no such effect for o

may be attributed to the difference in binding configuration.

Other factors such as adsorbate atom size, degree of coverage

and differences in bond strength may play a role as well.

A systematic study of many metal-overlayer systems at various

coverages is necessary to solve this interesting problem.
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SUMMARY

This thesis deals with the precise determination of atomic

positions in the very first layer of a single-crystal sur-

face. The intrinsic asymmetry of a clean surface or an over-

layer of chemisorbed foreign atoms may cause the positions of

surface atoms to deviate from normal bulk positions. The de-

termination of surface structures is not only of direct funda-

mental interest, but also of relevance to understanding chemi-

cal and electronic properties of surfaces. In particular, de-

tailed information on the bonding geometry of chemisorbed

overlayers on metal surfaces gives insight in mechanisms of

corrosion and oxidation processes, catalytic properties of

materials and poisoning of catalysts by impurities.

The technique of medium energy ion scattering in conjunc-

tion with channeling and blocking has been developed recently

in our laboratory as a tool for surface structural analysis.

The principle of this method is based on simple shadowing

and blocking effects and relies on geometrical considerations

only.

After an introduction in chapter I the shadowing and block-

ing effects are discussed in detail in chapter II including

surface thermal vibrations. A two-atom scattering model has

been developed to analyze experimental surface blocking pat-

terns. The mean square (anisotropic) thermal vibration ampli-

tude of a surface atom relative to its neighbour can be used

as a fitting parameter in comparison with experimental results.

In chapter III we have searched for relaxation effects in

the first interlayer spacing of a Pt(lll) surface. Preliminary

ion scattering data obtained by another group indicated a

large expansion, whereas LEED experiments showed no relaxation to

within 3% of the bulk interlayer spacing. Our experiment was

initiated to settle this discrepancy. We found a minor expan-

sion of 1.5 + 1%, in agreement with LEED. The results were

giving evidence for an enhanced thermal vibration amplitude

of the surface atoms perpendicular to the surface. A strong

blocking effect was observed along the [110 1 axis, which is

either due to correlation effects in the thermal motion of
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atoms along this string or due to a special kind of surface

defects.

In chapter IV we have investigated the effect of oxygen

coverage on surface relaxation of Ni(110). The clean surface

was found to be contracted by 0.05 + 0.01 A* (4 + 1%), in agree-

ment with LEED results. Adsorption of 1/3 monolayer of oxygen

caused the top nickel layer to move outwards, resulting in a

small expansion of 1+1%. In addition, we did not find any

evidence for lateral construction effects at this low cover-

age. Thus the surface layer, when covered with a small amount

of oxygen, simply relaxes back to the bulk structure. This in-

teresting result encouraged us to continue our investigations

on metal-overlayer systems.

In chapter V we have determined the atomic structure of a

Ni(llO) surface covered with 1/2 monolayer of sulfur. For the

first time ion scattering has been successfully used to deter-

mine both overlayer and substrate atomic positions simulta-

neously. After having established that the sulfur atom re-

sides in a fourfold-coordinated hollow site it was found that

its distance above the plane of the first Ni layer is 0.87

+ 0.03 8, which is again in agreement with LEED results. In

addition, the sulfur overlayer induces an outward displace-

ment of the top substrate layer over a total distance of

0.12 8 relative to the position of the clean surface layer,

resulting in a net outward relaxation of 6 + 3% for the sulfur

covered Ni(110) surface.

The observed oxygen- and sulfur-induced relaxation effects

in the Ni(110) substrate have not been detected in LEED expe-

riments. This is not surprising, since LEED analysis involves

the use of many fitting parameters, which limits the accuracy

of this method. In contrast, ion scattering in conjunction

with channeling and blocking, has now proved to be a simple

and powerful technique for structural analysis of adsorbate

covered metal surfaces with high precision.
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SAMENVATTING

In dit proefschrift worden roosterposities van atomen in

de allerbuitenste laag van een kristaloppervlak bepaald. Hen

verwacht dat aan een schoon oppervlak de atomen iets verscho-

ven zijn van hun normale kristalpositie omdat zij hun "boven-

buren" missen. Hetzelfde zgn. relaxatie-effekt kan optreden

als het oppervlak bedekt wordt met atomen van een ander ele-

ment. De struktuurbepaling van oppervlakken is niet alleen

van fundamentele interesse, maar ook van belang bij het on-

derzoek naar de chemische en elektronische eigenschappen van

oppervlakken. Informatie betreffende de bindingskonfiguratie

van adsorbaten zoals zuurstof en zwavel op metaaloppervlakken

geeft inzicht in oxidatie- en korrosieverschijnselen en re-

aktieraechanismen bij katalytische processen.

Recent is in ons laboratorium een ionenverstrooiïngs-

techniek ontwikkeld voor de bepaling van oppervlaktestruktu-

ren met protonen van middelhoge energie (50 - 200 keV). Het

principe van deze methode is gebaseerd op afschaduwings- en

blokkeereffekten, gekombineerd met eenvoudige principes uit

de driehoeksmeetkunde.

Na een algemene inleiding in hoofdstuk I worden deze scha-

duweffekten uitvoerig besproken in hoofdstuk II. De invloed

van oppervlakte-thermische vibraties wordt daarbij in be-

schouwing genomen. Hiertoe hebben we een "twee-atoom" ver-

strooi ïngsmodel ontwikkeld waarmee de experimenteel verkregen

blokkeerpatronen kunnen worden vergeleken met berekende

patronen. In de berekening is de (anisotrope) r.m.s. thermi-

sche vibratie amplitude van het oppervlakte atoom ten opzich-

te van zijn nabuur als aanpassingsparameter opgenomen.

In hoofdstuk III hebben we onderzocht of er relaxatie-

effekten zijn waar te nemen in de afstand tussen de eerste

twee atoomlagen van een Pt(lll) oppervlak. Voorlopige meet-

resultaten, verkregen door een andere experimentele groep,

wezen op een aanzienlijke expansie. In LEED experimenten

daarentegen werden geen relaxatie-effekten waargenomen

(LEED: elektronen diffraktie bij lage energie). Ons experi-

ment was dan ook bedoeld om deze diskrepantie op te lossen.
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Wë vinden slechts een zeer kleine expansie van 1.5 + 1%, in

overeenstemming met LEED. De resultaten geven verder aanwij-

zingen voor een vergrootte thermische vibratie amplitude van

oppervlakte atomen in de richting loodrecht op het oppervlak.

Er werd een sterk blokkeereffekt waargenomen in de Cl10]

richting. Dit zou kunnen wijzen op korrelatie-effekten in de

thermische beweging van atomen langs deze richting df op het

effekt van een specifiek soort schade aan het oppervlak,

zoals "opstapjes" en "afstapjes".

In hoofdstuk IV is de invloed van zuurstofbedekking op op-

pervlakte relaxatie van Ni(110) onderzocht. Het schone opper-

vlak blijkt 4 + 1% gecontraheerd te zijn, in overeenstemming

nu-:t LEED resultaten. Bij adsorptie van éénderde van een mono-

laag zuurstof komen de nikkelatomen aan het oppervlak iets

naar buiten, waardoor het zuurstof-bedekte oppervlak een zeer

kleine expansie van 1 + 1% vertoont. Bovendien blijkt uit de

metingen, dat deze geringe bedekking geen aanleiding geeft

tot zijdelingse verplaatsing van substraat atomen. Het expe-

riment laat dus zien, dat de nikkel oppervlakte atomen prak-

tisch de oorspronkelijke roosterposities innemen, voordat bij

hogere bedekkingen oxidatie optreedt. Dit interessante resul-

taat was voor ons aanleiding om het onderzoek aan bedekte me-

taaloppervlakken voort te zetten.

In hoofdstuk V worden metingen gepresenteerd aan een Ni(110)

oppervlak, dat met een halve monolaag zwavel is bedekt. Voor

de eerste maal is de ionenverstrooiïngstechniek met sukses

gebruikt om de posities van zowel adsorbaat als substraat

atomen gelijktijdig vast te leggen. Het zwavel atoom blijkt

in een kuiltje te zitten, dat door de vier nikkel atomen in

de hoekpunten van de rechthoekige eenheidscel van het (110)-

oppervlak gevormd wordt. De afstand van het zwavel atoom tot

de eerste nikkellaag bedraagt 0.87+0.03 8, in overeenstem-

ming met LEED. Bovendien blijkt, dat bedekking met h monolaag

zwavel leidt tot een expansie van het substraat oppervlak over

een afstand van 0.12 8, gerekend vanaf de positie van het

schone oppervlak. Dit resulteert in een naar buiten gerichte

relaxatie van 6 + 3% voor het met zwavel bedekte Ni (110) opper-

vlak.
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De hierboven genoemde relaxatie-effëkten in het net zuur-

stof en zwavel bedekte Ni(110) substraat zijn niet in LEED

experimenten waargenomen. Dit is niet verwonderlijk, aange-

zien in de analyse van LEED experimenten vele aanpassings-

parameters worden gebruikt die de nauwkeurigheid van deze

methode nadelig beïnvloeden. Daarentegen blijkt ionenver-

strooiing bij middelhoge energieën een uitstekende techniek

. te zijn om de struktuur van bedekte metaaloppervlakken met

een hoge graad van precisie te bepalen.
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