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CHAPTER I

INTRODUCTION

I.I THE ROLE OF ELECTRON SPIN

IN LOW-ENERGY ELECTRON SCATTERING

1.1 Historical development

The concept of electron spin was introduced in 1925 by

Uhlenbeck and Goudsrait. Dirac (1928) s.xowed that spin emerges

in a logically consistent way from his relativiatic theory of

quantum mechanics. From this theory Mott (1929, 1932) derived

that spin polarization of free electrons was to be expected '

in high energy (say > 50 keV) electron-atom scattering. In his

model only the scattering in the Coulomb field of the atomic

nucleus was taken into account.

Although it was realized that spin could be an important

extra parameter (next to impr-.t energy and scattering angle)

in the study of elastic differential electron scattering, the

principal aim of early experiments involving spin was to test

Dirac's theory vfor a review see: Tolhoek 1956). The first

successful experiment was performed by shull et al., as late

as 1943. By 1966 this line of research had led to the first

'practical' electron-spin detector, the Mott-detector (Van

Klinken 1965, 1966), in which the left-right scattering a-

symmetry of fast electrons (~ 120 keV) impinging on a Au foil,

is a measure for the incident electron spin polarization.

In order to describe low-°nergy electron scattering on the

basis of Dirac's equation Massey and Mohr (1941) extended

•>,'••



Mott's theory to include the screening of the atomic nucleus

by its electrons. They found - unexpectedly (Kessler 1969) -

that spin polarization effects can be considerable even at

energies as low as 100 eV.

In 1961 this was verified experimentally on Hg at energies

around 1 keV (Deichsel 1961). In the sixties and seventies

this work was continued, especially on Hg at energies above

a few hundred eV, although a few experiments were carried out

on other atoms (e.g. on Ar: Mehr 1967) and at lower energies

(S6Ï e.g. Kessler 1969, 1976).

ïhese experiments showed that electron-atom scattering

could be well described theoretically - including spin effects

- down to - say - 100 eV. Below that energy, theory becomes

more complicated, since many-electron effects, including elec-

tron exchange, become significant. As will be shown in the

following, the predicted electron spin polarization turns out

to be very sensitive to such 'details' of the theoretical des-

cription .

Progress in this field was relatively slow partly because

of a lack of theoretical data to compare with the experiments,

partly because most of the experimental effort was diverted

to the development of spin-polarized electron sources, which

were to be used for performing the 'perfect1 scattering experi-

ment with spin-polarized electrons: scattering experiments, in

which the incident beam has a known polarization, a scattering

process changes the spin, and the final spin is analyzed.

Up to now only one of these perfect experiments has suc-

ceeded (Hanne & Kessler 1976, Hanne 1976). Main difficulties

of such experiments lie in the poor efficiency of the Mott-

detector (only 0.1% of the electrons is effectively used to

determine the spin) and in the low intensity of the various

sources (around 1 nA maximum current).

Therefore most experiments are limited to double scatte-

ring: either an unpolarized electron beam is scattered and

the spin polarization of the differentially scattered elec-

trons ia determined, as in the experiments described in

chapters II and III of this thesis, or the scattering asym-
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metry obtained in the scattering of polarized electrons is

measured. Performing experiments of the latter category is

the object of the scattering apparatus described in chap-

ter IV.

These two kinds of experiments are often called 'polarizing1

and 'analyzing' experiments respectively. In fact - as will

be shown in tne theoretical section of this chapter - they

are closely related: in scattering from single atoms they are

completely equivalent, in scattering from solids they are equi-

valent if an additional symmetry requirement is fulfilled.

With the availability of the relatively simple and relia-

ble 'Mott' electron spin detector, solid-state physicists star-

ted - from 1970 on - to study spin polarization of photoelec-

trons (Siegmann 1975), field-emitted electrons (e.g. Muller

et al. 1972) and in LEED (low-energy electron diffraction -

O'Neill et al. 1975). This interaction of atomic physics and

solid state physics proved to be so fruitful as to provide

the first efficient spin polarized electron source, based on

photoemission from GaAs (Pierce et al. 1975a,b, 1980). It

provides yA's of spin polarized electrons.

Since its invention several other groups constructed such

GaAs electron sources, which will be - and partly have been -

used in scattering experiments in atomic physics and probably

even more in surface physics.

One field of research which will benefit from the intro-

duction of the GaAs e~ source is Spin Polarized LEED. SPLEED,

performed in more conventional double scattering experiments

(O'Neill et al. 1975, Kirschner and Feder 1979) has already

provided significant information about topics like surface

geometry, surface electronic structure and surface magnetiza-

tion (Feder 1981) .

1.2 This work

The work described in this thesis is part of a long-term

project, started in 1972, and originally aimed at a study of
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the role of spin polarization in atomic physics scattering -

and photoionization experiments. After an initial period of

photon impact work, the project was directed towards elastic

electron scattering experiments in 1977. Low-energy (< 300 eV)

elastic electron-atom scattering with subsequent spin pola-

rization analysis was then started on Xe. This nobel gas atom

was chosen since in spin-zero targets spin polarization ef-

fects can only be due to spin-orbit interaction (section 1.2).

This makes the scattering process simpler from a theoretical

point of view (Farago 1971)•

In this work the experiments were extended to Kr and Ar in

the energy region that is most relevant for comparison with

theory, i.e. < 50 eV (chapter II). In these lighter atoms po-

larization effects are more subtle than in Xe, which necessi-

tated improvements in the technique in order to measure small

polarizations with considerable accuracy. This progress en-

abled us to accept Farago1s challenge (1980) to search for

tiny spin polarization effects that might arise in low-energy

electron scattering from optically active molecules (chapter

III). Apart from its purely physical significance this work

might be of relevance in the search for the origin of the

dissymmetry in optically active molecules, as they are found

in the terrestrial biosphere. It has been suggested, that

there might be a relation between this dissymmetry and the

existence of longitudinally polarized electrons, arising from

parity-violation in p-decay. In the last part of this intro-

duction we will elaborate on this subject.

When the GaAs e~ source was invented, the research project

was directed towards a new goal: the use of SPLEED to study

polarization effects in electron scattering from clean and

adsorbate covered surfaces. By comparing the results1, with

those obtained from scattering on free gases one has the pos-

sibility to study the adsorbate geometry and electronic struc-

ture in detail. In the final chapter (IV) of this thesis a

description is given of the development and major test results

of a U.H.V. apparatus built for SPLEED measurements. This in-

cludes the GaAs polarized electron source, electron optics

for beam and spin handling and a scattering chamber equipped
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with target manipulator and two LEED systems - a commercial

one and a single-spot mini system.

1,2 THEORY

An electron beam is said to be (spin) polarized if there

exists a direction for which the two possible spin states are

not equally populated. Choosing this as the reference direc-

tionf we can define the magnitude of the polarization P by:

in which n-t-U) denotes the number of electrons having their

spins parallel (anti-parallel) to this direction. If the mo-

mentum and spin directions of a beam coincide the beam is said

to be longitudinally polarized; if they are perpendicular we

have a transversely polarized beam. Electric and/or magnetic

fields can be used to convert longitudinal polarization into

transverse and vice-versa (Kessler 1976).

Following Pauli (1927) one can define spin polarization

quantummechanically as the expectation value of the spin ope-

rator s = \ n" 5. Here a stands for the Pauli spin matrix with

components:

The n. are unit vectors in a reference frame attached to the

scattering process. We define it in terms of the initial and

final momenta of the electron (k..,k_):

fil= (k2-k1)/|k2-k1| ; n 2 = (k1xk2)/|kixk2| ; fi3 = fi^ . (3)

The interaction matrix for the scattering on a spin-zero tar-

get is a (2x2) matrix, which can be expanded in terms of the

(2x2) unit matrix 5 O and the Pauli matrices (Farago 1971) by

M = fa o-iga 2 +ha 3 , (4)
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SCATTERING ANGLE

b'iyuvo I, Top: hypothetical differential cross sections for scattering of
spin-iq? (•]•) and spin-down (•[) electrons. The difference is
due to 8-pin- orbit interaction.

Bottom: the resulting spin polarization.
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where f, g and h are (complex) scattering amplitudes, depen-

ding on target parameters, scattering energy and scattering

angle 6. There is no term in 3.. due to time-reversal invarian-

ce of the process. If the target is in an eigenstate of pari-

ty h must bo zero (Farago 1980). This is not the case for op-

tically active molecules, which will de discussed in the last

part of this introduction.

In this section we limit the discussion to targets for

which h=0, as is the case for Ar and Kr. One then has

. (5)

When M is applied to the spin-states (Q) and f A it becomes

clear that f stands for the 'direct1 scattering amplitude i.e.

the process in which the incident-electron spin is conserved,

and g for the 'spin-flip' amplitude.

In the (non-relativistic) Hamiltonian of an electron scat-

tered from a central potential

the last term, containing the spin s of the electron, accounts

for spin-orbit interaction and for a non-zero amplitude g.

At the low energies, used in our experiments this (small)

spin-orbit interaction causes only a slight difference in the

shape of the differential cross sections for spin-up elec-

trons with respect to that for spin-down electrons.

However, since spin polarization is given by the normali-

zed difference of the two cross sections (eq.l), significant

polarization can be found around the diffraction minima that

occur at these energies, due to the comparable size of the

electron wave length and the atom (fig.l). It is therefore

also obvious that spin polarization phenomena are extremely

sensitive to the detailed shape of the cross-section curves.

At the same time the problem of gas-phase spin polarized elec-

tron sources becomes clear: high polarization always goes hand

in hand with low intensity (and vice versa).
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By making use of eq.(5) it can be shown (Farago 1971, Kess-

ler 1976) that the differential cross section for the scatte-

ring of an electron beam with initial polarization P is given

by

|§-{|f| 2 + |g|2Hl+S(0)P.n2}, (7)

where S(6) is a function of f and g, named after Sherman (1956),

If one assumes that the initial polarization P =P Qn 2 (i.e. per-

pendicular to the scattering plane) eq.(7) shows that ^ will

exhibit a left-right asymmetry A

Nj-N (l+SPft)-(l-SP )

where No, N. stands for the scattered intensity at oppositeJO r
angles 6 and -6.

On the other hand, by using eq.(5), it can be shown that

scattering of an unpolarized electron beam will lead to a

polarization P(8)=S(6)n~, i.e. also perpendicular to the

scattering plane and determined by the same quantity S(6).

These results show the equivalence of the polarizing and

analyzing (gas-phase) experiments mentioned before.

In the - very crude - 'kinematical' model for elastic scat-

tering from solids (SPLEED) one obtains overall scattering am-

plitudes F and G by coherent superposition of the f.. ?nd g.

for individual atoms j (Jennings and Sim 1972) .

iq.r. iq-r.
F = £f.. e 3 G = Eg.. e -1 , (9)

where q stands for the momentum transfer k.-k™ and r. for the

position of atom j. For the scattering of an unpolarized pri-

mary beam on a crystal, composed of only one kind of atoms,

the resulting scattered intensity and polarization are given

by

1(0) ={|f|2 + |g|2} E e ^ ' ^ ; p(0) =s(6)fi,, (10)
jk 2
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with r., =r.-r, . This shows that the polarization is still

determined by the atomic factor S (6) only, whereas the inten-

sity is also determined by the crystal geometry. Large pola-

rizations and high intensities do not exclude each other now.

In this kinemati^al picture the equivalence of the polari-

zing and analyzing double scattering experiments still holds

(Kessler 1976, Feder 1981). If multiple scattering is taken

into account the equivalence holds only if the scattering

plane is a mirror-plane of the crystal (Feder 1981, Wang et

al- 1979). This equivalence provides the basis for correlating

data, obtained in polarizing experiments, as discussed in chap-

ters II and III, with those that can be obtained in the ana-

lyzing experiment, of which the set-up is discussed in chap-

ter IV.

In the more sophisticated SPLEED models both P and I are

functions of atomic as well as surface parameters, and thus

P and I can be used to obtain information about those para-

meters (Feder 1981) . In this respect we can see from e.g. eq.

(10) that polarization data for free atoms, when related to

those for adsorbed atoms, can be used to distinguish between

kinematical and non-kinematical effects.

1.3 ELECTRON SPIN POLARIZATION IN SCATTERING

FROM OPTICALLY ACTIVE MOLECULES

3.1 Physical background

In section 2 it was found that the interaction matrix for

elastic electron scattering on a spin-zero target is given by:

M = fa - igS„ + ha3' (11)

where f, g and h stand for direct, spin-flip and 'parity vio-

lation' scattering amplitudes respectively. The amplitude h

can be non-zero only if the interaction process violates parity
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or if the target is not in a parity eigenstate (Karl 1976).

The latter is the case for optically active molecules.

The sign of h is different for the two enantiomorphic forms

- called dextrogyrous (D) and laevogyrous (L) - that exist of

any optically active compound. The magnitude of h is not known:

only some qualitative information is available from Hraskö's

'helical electron gas model1 (1973). According to this model

some of the electrons of an optically active molecule move on

a helical path, inducing a magnetic field with a characteris-

tic 'handedness'. The spin and momentum of an incident elec-

tron will be affected by this magnetic field. This effect will

depend on the relative orientation of spin, momentum and he-

licity.

However, without having quantitative knowledge of the dy-

namics of this process, eq.(II) can be used to get some qua-

litative ideas about the effects of a non-zero parity viola-

tion amplitude. It can be shown (Farago 1980) that in the scat-

tering of unpolarized electrons from optically active mole-

cules, electron spin polarization components will develop in

the scattering plane. These components arise from an interfe-

rence of the amplitudes g and h (P. = P.n.,) , and of the ampli-

tudes f and h (P.,) , and they can become large if the scatte-

ring amplitudes are of comparable size. This could be the case

around diffraction minima, where f becomes small, and thus

large P^ values might be found.

These in-plane spin components are clearly distinguishable

from the Mott-polarization component, discussed in the pre-

vious section, which is perpendicular to the scattering plane.

They can however still be determined in experiments similar

to the electron-atom scattering experiments, the only diffe-

rence being that the spin of the scattered electron has to be

aligned along a direction suited to the spin polarization de-

tector (Chapter III).

It is worth while to note the behaviour of the spin pola-

rization of an electron beam passing through an optically ac-

tive medium {Farago 1982):
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(i) the transverse polarization of the electron beam undergoes

a rotation about the beam axis, the sign of this rotation be-

ing different for the two enantiomorphs. The angle of rotation

is proportional to the real part of the amplitude h.

(ii) the longitudinal polarization of the electron beam chan-

ges, unless P-=l. In all other cases the beam can be consi-

dered as a mixture of two components, polarized parallel and

anti-parallel to the propagation direction. In the forward

scattering process these two components will be attenuated to

a different extent, determined by the imaginary part of the

amplitude h.

These two aspects of the behaviour of a polarized electron

beam are obviously analogous to the well-known optical rota-

tion and circular dichroism respectively. These optical pro-

cesses are caused by the velocity difference and by the dif-

ference in the attenuation of the two circularly polarized

components of a linearly polarized light beam passing through

an optically active medium. In fact these differences can al-

so be expressed in terms of the real and imaginary parts of

the helicity dependent term in the forward (optical) scatte-

ring amplitude.

Processes (i) and (ii) also take place in scattering at

finite angles and in inelastic scattering, although the exact

analogy with the optical processes breaks down in the case of

a relatively large amplitude g.

We feel that this interesting analogy enhances the intrin-

sic relevance of experiments aimed at measuring in-plane spin

components in electron-molecule scattering - as the one des-

cribed in Chapter III. Furthermore such experiments might add

to the solution of a more-than-a-century old puzzle, as dis-

cussed in the rest of this section.

3.2 Spin polarization and the existence of dissymmetry in the

terrestrial biosphsre

Optically active compounds in living matter are always pre-

sent in only one enantiomorphic form (Pasteur 1861, Ulbricht
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1962), e.g. L-amino acids and D-sugars. This dissymmetry has

been a puzzle since its discovery in 1861, the more so because

in non-biochemical synthesis one always obtains a racemic,

i.e. 50/50 mixture.

Many hypotheses have been put forward to explain this dis-

symmetry (Thiemann 1974, Keszthelyi 1977). In several of those

it is assumed, that some slightly asymmetric force has worked

in favour of the optically active compound that is found in

nature. Such an asymmetric force could have led to pure en-

antiomorphs if it was supported by some magnifying process,

several of which are known, e.g. polymerization and autocata-

lysis (Calvin 1969) .

Various - more or less exotic - asymmetric forces have been

considered. One of them is the earth's magnetic field, either

in itself (Curie 1894) or frozen in rocks (Noyes & Bonner

1974). The main problem for these theories lies in the varia-

bility of the field.

Another asymmetric force could be provided by an asymme-

try in the polarization of sunlight. It has been shown that

circularly polarized light can lead to stereo-selective decom-

position of optically active compounds (Kuhn and Braun 1929) .

However no overall asymmetry has been found in the polariza-

tion of sunlight.

The discovery of parity-violation in weak interactions

(Lee and Yang 1956; Wu et al. 1957) opened up new possibili-

ties . It was found that in 3-decay the emitted electrons are

longitudinally polarized with almost 100% polarization anti-

parallel to their momentum. Thus it seemed logical to search

for a connection between this natural asymmetry and the dis-

symmetry in optically active molecules.

Numerous experiments have been performed, most of then aim-

ed at finding stereo-selective decomposition or synthesis of

optically active compounds, irradiated by some natural B-

source. The experiments were either unsuccessful or had only

marginal statistical significance. Seemingly positive results

often could not be confirmed by other groups (e.g. Staro-

dubtsev et al. 1959 versus Spialter and Futrell 1960; Garay

1968 versus Lemmon 1974).
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Experiments as above have one definite disadvantage: in

view of the high energy of the B-partdcles (around 1 MeV) it

is hard to imagine that their electrostatic interaction with

optically active molecules is sensitive to the difference be-

tween left and right chirality. Therefore, if the asymmetries

observed in some experiments are real, it is very probable

that secundary processes - via circularly polarized brems-

strahlung or via inelastically scattered polarized electrons -

have been responsible. It should be noted that in all expe-

riments of this type these secundary processes must have been

abundant, since scattering took place in optically active so-

lid compounds or in solutions. This emphasizes the shortcoming

of all experiments so far: they do not make a separation be-

tween (possible) direct effects and numerous possible secun-

dary effects, occurring in a badly defined, more or less 'ar-

bitrary ' environment.

In view of these problems, we feel it is relevant to exa-

mine at first in well defined single-scattering processes

whether effects can be found, that do show a dependence on

the chirality of the molecules. Since it is known that brems-

strahlung is almost unpolarized in the most interesting ener-

gy region (10-100 eV; McVoy 1957), whereas electrons retain

their polarization to a considerable extent during slowing

down, especially effects caused by (longitudinally) polarized

slow electrons are of interest. The equivalence between po-

larizing and analyzing experiments makes it possible for ex-

periments as the one described in chapter III, to give some

indication about such effects.
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CHAPTER 31
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ABSTRACT

This article describes an experiment on elastic scattering

of electrons by argon and krypton in the energy range of 10 -

50 eV.

Angular distributions over a range of 40 -110 were obtained

as a byproduct of spin-polarization measurements. There is good

agreement with previous experiments in the range of 50 - 25 eV,

except for small differences in the depth of the first diffrac-

tion minimum. At 20 and 10 eV, however, large discrepancies exist

between various experiments.

Theoretical results are presented, obtained with a code by

Walker, including both exchange and polarisation terms in the

scattering potential. This calculation gives a reliable predic-

tion in the energy range of 50 - 25 eV. Below 25 eV clear dis-

crepancies occur, whereas the theory of Weiss appears to give

better results. The calculation of McCarthy et at. shows sig-

nificant discrepancies with experiment over the whole energy

range.
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TABLE I

Survey of experimental work at energies up to SO eV in our angular range.

Author (s)

Mehr

Schackert

Lewis et al.

Dubois & Rudd

Williams et al.

Srivastava et al.

Present work

Energies
Ar

(eV)

10,20,30,40,50

40,50

15,20,30,50

20,50

20,30,40,50

20

10,20,25,30,40,50

Energies
Kr

(eV)

10,30,50

50

30,50

—

20,30,40,50

20

10,20,25,30,40

Angular
range

(deg)

20-155

30-150

20-140

15-140

15-150

20-135

,50 40-110

year

1966/1967

1968

1974

1975

1975

1979

1982
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INTRGJUCTION

Several measurements of angular distributions of elastic

electron scattering from argon and krypton have been carried

out over the past ten years. Concerning the energy range, most

of the measurements were performed at energies above 50 eV.

Earlier work in the range of the present work, i.e. 10 to 50 eV,

has been summarized in table I, while for brief remarks about

those experiments we refer to the paper by Williams and Willis

(1975) .

As regards the theory, the interactions are usually described

with potentials including Coulomb, exchange and induced-polari-

zation terms, while it is well-known that the latter two terms

become increasingly important as the electron energy decreases.

Calculations for Ar and Kr in our energy range have been performed

by Walker (1971), McCarthy et al. (1977), Weiss (1969) and

Thompson (1971).

Walker has reported calculations with only an exchange term

in the potential; however, an extended version of Walker's code,

which includes a polarisation term obtained by the polarised

orbital method of Temkin (1957) and which has been tested on Hg

(Walker 1970), is available at Munster University. It was used

to calculate cross sections for Ar and Kr, labelled as Walker's.

These results have not been published before.

Thompson also included the Temkin polarisation term in his

potential, whereas Weiss used an empirical formula containing

a fit parameter to describe the polarisation of the atom.

McCarthy et al. adopted an optical model potential to account

for the influence of inelastic channels.

Apart from the calculation of Walker including the polarisation

term, the theoretical results have been compared with experiments

in some instances. The major points of discrepancy occur in the

depth of the diffraction minima and in the overall shape of the

cross section at the lowest energies (10 and 20 eV) .

The primary purpose of this paper is to present relative

cross sections, measured under the same conditions as those of

spin polarisation measurements reported in a separate article

(Beerlage et al. 1981) . Presentation of such a consistent set
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of data at relatively low angular resolution provides a twofold

test for scattering theories. For the higher energies comparison

of our angular distributions with previous work mainly serves

to establish the reliability of th-. technique. For the lower

energies the existing disagreements are sufficiently large that

cross sections even with low angular resolution provide useful

information.

As far as experiment is concerned the most extensive compa-

rison will be made with the absolute measurements of Williams

et al. (1975), which are the most recent results that cover the

energy and angular range of our experiment. The relative experi-

mental data of Mehr (1966,1967) and of Schackert (1968) have been

included in our figures, since part of these have also been

obtained in combination with a spin polarization determination.

Furthermore Mehr's 10 eV results are the onl^ ones published

up to now.

EXPERIMENTAL

a) Apparatus

The experimental arrangement is given schematically in fig. 1.

It is composed of three parts.

Firstly the input electron optical system.

Electrons are extracted from a Re filament -placed in the small

cylindrical chamber below the target gas inlet- and energy se-

lected in a hemispherical analyser, operating at a fixed voltage

of 25 V with respect to the filament. The energy resolution of

this analyser amounts to 0.7 eV. Scattering takes place at ground

potential. To bridge the potential difference between analyser-

exit and scattering chamber, and to focus the beam at the scat-

tering centre, we use a five-element telescope of the type

described by Heddle (1971). By a suitable choice of lens para-

meters one can fulfil the focussing condition at the lens set-

ting, where beam characteristics (diameter and divergence) vary

only slightly with scattering energy E , namely as E . The

primary beam intensity, usually of the order of one yA, can

permanently be measured on a retractable Faraday cup placed
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opposite the gun. Gun and Faraday cup can be rotated simul-

taneously to permit differential measurements in the angular

range between 8-+110° and -110° with a fixed detector.

Secondly the target gas inlet system.

The atomic target is created by effusion from a 20 mm long

cylinder with a 1 mm diameter, ending 12 mm above the middle of

a Mo scattering chamber -not drawn in fig. 1- which shields

the interaction region from electrostatic stray fields. For

pumping reasons a grid is used as a bottom for this chamber.

This simple gas inlet system provides an atomic target, having
13 3a density of approximately 1.5*10 atoms/cm , which can be

considered as homogeneous over the narrow region where it is

crossed with the electron beam. The ambient noble-gas pressure
1 during the measurements was 3.10 Pa, the residual-gas pressure

was 3.10~ Pa.

Thirdly the analysing system.

A Haddle telescope, identical to the input telescope, images the

scattering region on the entrance of a '90° spherical analyser'.

Together with a focussing lens this device is used as an energy-

analyser, also operating at the fixed pass-energy of 25 eV with

a resolution of 0.7 eV. One should note that only the setting,

of the two identical telescopes -according to well established

rules- has to be changed if another scattering energy is chosen,

since all other lenses operate at fixed potentials with respect

to the cathode. This arrangement leads to a simple symmetrical

scattering geometry with a known slight energy- dependence of

beam diameters and opening angles (see section b). The uncommon

90 analyser, which removes inelastic electrons from the scattered

beam, was chosen to bring the elastically scattered electrons

out of the main chamber into an acceleration stage. Having reached

100 keV they are scattered on an Au foil. Approximately 0.2% of

the incoming beam is scattered towards two Si surface- barrier

electron detectors. The ratio of the count rates on these detec-

tors can be used to determine the polarisation of the beam

impinging on the foil. The sum of the count rates is proportional

to IQ(l + aP), where I i*. the incoming beam intensity, which can

be related to the differential cross section for the noble gas

scattering, P is the polarisation of the incoming beam, and a a

factor related to scattering conditions at the Au foil and to the
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efficiencies of the two detectors. The factor a deviates from

zero only if these efficiencies are unequal. Although this is

the case in our experiment the term aP was always less than

0.01 since the observed polarisations were very small. We there-

fore ignored its effect.

In the entire low- energy section of the apparatus the earth

magnetic field is suppressed by three orthogonal pairs of Helm-

holtz coils around the main crar.iber and a double mu- metal

shielding inside. In this way the magnetic field is reduced to

below 5.10 T anywhere along the path of the electrons.

b) Scattering geometry

In order to convert the scattered intensity measured with

the surface barrier detectors into a differential cross section

it is necessary to know the scattering geometry. In our case

this geometry is rather complicated since the divergence of the

primary beam and the (identical) acceptance angle of the detec-

tor are relatively large:±4.5 at a scattering energy E of

25 eV (and varying as E~ 4). This value is determined by a dia-

phragm in the confocal plane of each Heddle telescope, and was

derived both theoretically -from lens calculations by Harting

and Read (1976)- and experimentally by Klewer et al. (1980).

The large acceptance angle was chosen for intensity reasons,

the primary purpose of the experiment being the measurement of

spin polarisations, for which a second scattering process is

needed.

In the absence of these divergences a simple sine correction

to the measured intensities would suffice since our gas inlet

system provides a homogeneous beam in the interaction region.

In this section we describe a first-order estimate of the

deviations from the sine correction due to the opening angles.

For a homogeneous target and assuming that ~ is constant

over the relevant angular range, the relation between scattered

current I and differential cross section ^- is given by

ZB - i§ / v s
d v'



where p denotes the primary electron beam density, p g is the

acceptance intensity profile of the post-collision region elec-

tron optics. The integration is over all space.

Due to the symmetry of the electron optics the density func-

tions p and p are (within a constant factor) identical. We
p s •

assume that they decrease in a Gaussian way with the distances
r , r from their beam axes (z , z ):p s p s

2
1 "* Jp „ 1 a * JB*£. (2)

Hp,s f f2

The angle between the z and the z axis is the scattering

angle 9.

Since the electron beams show divergence the spread f must be

a function of z, for which we choose:

f(z) = /r^+zV , (3)

the simplest function to describe a beam with divergence A and

having a radius r at the focus. (At 25 eV we found r to be

1.2 mm by measuring the current on and through diaphragms placed

at z = 0. This value is sufficiently small compared to the dis-

tance between scattering centre and the opening-angle defining

apertures (98 mm) to justify the use of eq.(3)) .

Using eqs. (2) and (3) the integration (eq. 1) is straight-

forward if an expansion in a power series in A is made. The re-

sult is:

2 "?
T _ 1 da ,. , A (1 + 5 cos"8) . . . . , . , ,„.
Xs ü n ? ' dïï { 1 — 2 h i g h o r d e r terms} . (4)

2 sin e

For A = 0 this obviously results in the sine correction. Evalu-

ation of the second term yields corrections that are less than

2.5% at all angles in the 50°-110° angular range, at all energies,

whereas the maximum correction amounts to 4.5% at 40°, 10 eV.

The data presented in this paper have been corrected accor-

ding to the first two terms of equation (4).
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c) Calibrating and measuring procedures

Especially since polarisations may vary rapidly with scatter-

ing energy (Kessler et al. 1977) we performed an energy calibra-

tion of the apparatus in order to account for the contact poten-

tial difference between cathode and scattering chamber. For this

purpose the input electron optics was set to give an electron

beam at approximately 300 eV, which was scattered on a Xe atomic

beam. The output optics was set to accept Xe NOO Auger electrons,

which have energies in the middle of our energy range (Ohtani et

al. 1976). By scanning the voltage across the 90° analyser three

peaks were observed, corresponding to the three major Auger peaks

at the absolute energies of 29.9, 32.1 and 34.4 eV respectively.

After setting the analyser to one of these peaks, we lowered the

voltage of the cathode until the intense elastic peak was obser-

ved. In this way we found, that the cathode potential had to be

set 1.8 eV below the uncorrected value. The same shift (6 = -1.8

eV) was obtained in a measurement of pass- energy (E ) versus

deflection voltage (AV) of the 90° analyser, which obeys:

AV * E + 5. Such a procedure takes advantage of the cancellation

.of contact potentials in the AV term. The energy calibration

has a precision of several tenths of an eV, determined by our

overall energy resolution of 1 eV.

Data were obtained by making computer-controlled angular

scans at 5 degree intervals between + 40° and + 110°, in which

the gas beam was alternately switched on and off to find the cor-

rection for the scattering from residual gas. This correction

amounted up to 10% of the signal in cross section minima and at

the lowest scattering energy (10 eV). (Relative) differential

cross sections were obtained by applying the aforementioned cor-

rection (eq.4) to the scattered intensities after the background

subtraction.

The zero of the angular range was found by comparing the

cross section curves obtained at positive and negative scat-

tering angles. In definitive measurements these two curves

coincided within a few percent over the entire angular range,

the deviations being determined by small residual magnetic

fields and the reproducibility of our angle setting (0.3°).

This limits the precision of our (relative) cross section

measurements to a few percent. The statistical error in our data
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Figures 2-5. Angular distribution of eleatrons elastiaally scattered from Kr
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is very small in view of our principal aim, the determination of

polarizations.

One important source of systematic errors, multiple scattering,

did not play a role at the low target density used, since we

found that up to densities of three times the usual value ratios

of maximum to minimum scattered intensities remained constant.

RESULTS AND DISCUSSION

The relative cross sections for elastic electron scattering

on argon and krypton are shown in figs. 2-9 (50- 25 eV) ; 11,12

(20 eV) ; 13,14 (10 eV). Results of earlier work are shown in

the same figures for comparison. At 50 and 40 eV Mehr's and

Schackert's results are identical. The various curves have

been normalized at the angle of the first diffraction maximum,

except at the energy of 10 eV, where we tried to obtain the

best visual fit. This normalisation ignores the disagreements

which exist between various 'absolute1 scales.

50-25 eV (figs. 2-9)

On the whole the main difference between the present data

for 50- 25 eV and those of Williams et al. occurs at the valley

of the curves. Our minima are mostly (slightly) less deep than

those of Williams et al. Moreover slight discrepancies of the

order of 1 or 2 degrees are observed in the angular positions

of the minima. We cannot compare the angular positions of our

maxima to those of Williams since his data set is too limited

at those positions•

One obvious reason for the difference is our angular reso-

lution, which is less than that of Williams, since in our expe-

riment the choice of acceptance angle was based on the require-

ment of sufficient statistics for spin polarisation measurement.

It turns out that after folding Williams' data with our angular

transmission profile, our curves are slightly deeper than his

for Kr at 50 eV as well as at 40 eV and slightly shallower at

30 eV, both for Kr and Ar. At 50 and 40 eV in Ar we cannot
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TABLE II

Comparison of positions of diffvaation extrema and the intensity ratio of the extrema in angular distribution curves.

The results of Williams et at. (1975) and Walker (1970) are shown both unconvoluted and aonvoluted with our angular

transmission profile, which was assumed to be Gaussian with a spread, discussed in the text. The '*' denotes situations

where the result is too strongly dependent on the shape and width of the transmission profile to make the comparison

meaningful. Errors in the angular positions amount to ± 1° for the experimental and convoluted values, and less than

± 0.5° for Walker's theoretical results. For the ratios significant figures are given.

target energy

gas eV

position of
position of first diffraction minimum first maximum ratio of maximum to minimum intensity

degrees degrees

this Williams
work convo1.

Walker
convo1.

this Walkei this Williams Walker
work convol. work convol. convol.

Ar
H

"

ir

Kr
IT

11

II

tr

50

40

30

25

20

50

40

30

25

20

67

70

73

73

77

54

60

68

71

80

67

71

75

-

75

54

65

69

-

77

66

69

72

73

75

56

62

70

72

77

66

68

71

-

74

52

62

68

-

74

66

68

71

72

73

53

59

68

71

74

100

100

102

102

100

77

87

95

102

98

100

102

104

104

103

77

87

101

104

106

25

22

7

6.5

1.7

3.5

3.3

2.3

2.6

1.3

*
*

9

-

2.8

2.9

2.A

3.3

-

1.8

*
*

8

6

4

2.1

1.8

2.3

2.4

1.9

101
142

96

-

6.2

4.8

3.9

4.9

-

2.8

25

71

125

54

12.8

3.6

2.5

3.0

3.4

2.7
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make a comparison since the convoluted results depend strongly

on the shape and width of our transmission profile in those

cases. In all other cases a Gaussian, having an energy-dependent

spread, as discussed before, was used. Other profiles were found

to give insignificant differences there. Only at 40 eV in Kr we

find a considerable difference (5°) in the position of the first

diffraction minimum. Table II summarizes the results.

In figs. 2-9 our data are also compared with the results of

calculations by Walker and by McCarthy et al. Between 50 and 25

eV there is good agreement between Walker's curves and our data.

This becomes even more clear in fig. 10 where we show Walker's

curve for Ar, 25 eV, convoluted with our angular transmission

profile and compare with our experimental curve. The apparent

deviation, as found in fig. 9, is largely reduced.

Regarding the comparison with McCarthy's calculations the

agreement is somewhat less satisfactory. In particular the cal-

culated angle of the minimum appears to shift towards smaller

values than found experimentally. This deviation was already

anticipated by McCarthy et al. and seems a general feature of

the optical potential method.

Table II includes Walker's theoretical results only.

From the table one can see that -in the energy --ange between 50

and 25 eV- there is firstly agreement about the position of

the first diffraction maximum within 1 or 2 degrees, except at

40 eV in Kr, where our results and that of Walker give a somewhat

smaller angle than Williams'. Secondly one can see that the

position of the diffraction maximum is well predicted for Ar

and at the highest energies for Kr, whereas deviations occur

for Kr at lower energies. This result confirms the suggestion

of Walker (1S70) that his theory is more likely to give deviations

for heavier atoms, especially at large angles. Thirdly one can

see that there is a very good agreement between Walker's and

our intensity ratio's at 30 and 25 eV, both in Kr and Ar, whereas

this ratio is predicted too low for Kr at 40 and 50 eV.

20 eV (figs. 11,12)

For the lowest energies the situation is rather unclear.

First of all there is a considerable difference in the overall
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Figure 11. Angular distribution of electrons elastiaally scattered from Kr
at an energy of 20 eV.
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shape between the 20 eV cross sections, both in Ar and Kr, of

the present work and those of Williams et al., which cannot be

explained from our poorer angular resolution.

As regards other experiments, the results of Dubois and Rudd

(1975) for Ar are close to those of Williams, whereas those of

Srivastava et al. (1979) are more or less intermediate and

Mehr's results are close to ours. For Kr the experimental situ-

ation is similar.

The perfect agreement between Williams' measurement and the

calculation by Walker, which exists in the case of Kr, could

je accidental in view of the deviations around the minima at

higher energies.

It is surprising that the good agreement found at 30 eV be-

tween Williams', Walker's and our result is completely lost at

20 eV. The measurements at 25 eV, which we included as an extra

test of Walker's theory in this seemingly interesting energy

region, also do not show much disagreement with theory.

The most striking aspect of the various angular distribution

curves in figs.11 and 12 is the large spread in the ratio of

maximum to minimum intensity, which, as far as the experimental

results is concerned, can be caused by (i) double scattering

effects; (ii) improper background correction; (iii) angle depen-

dent fluctuation of primary beam density or detector sensitivity;

or (iv) a high sensitivity of the 20 eV cross sections to errors

in the energy calibration.

We checked the multiple scattering effect (i) by measuring

the ratio of maximum to minimum cross section at 20 eV as a

function of target density. Normal data taking was performed

at densities a factor of three below the point where detectable

deviations of this ratio from constancy were observed. Since

we checked the constancy of primary beam intensity during rota-

tion of the electron gun and while switching the gas beam on

and off, and moreover since we observed identical angular dis-

tributions for positive and negative scattering angles, we feel

sure that also reasons (ii) and (iii) did not affect our results.

The effect of energy calibration errors (iv) was tested by

performing experiments around 20 eV and by calculating angular

distributions around that energy, making use of Walker's theory.

We found the ratio of maximum to minimum intensity to vary enor-

mously, such that energy calibration errors of only a few eV
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could explain the deviations between the various curves in figs.

11 and 12. It should be noted, that also the energy scale of

Walker can be wrong by a few eV -as he states in his 1971 paper,

whereas both for our results and for those of Williams et al.

an energy calibration error is improbable in view of the reliable

calibration procedures used. We feel that further experimental

data at and around this interesting energy is needed to solve

the problems.

It is peculiar that in Ar and Kr the aforementioned ratios

decrease in the same, narrow, energy region. Moreover it is

interesting to note that the Ar and Kr cross sections at 25 eV

are almost identical, especiallly with respect to the angular

positions of the diffraction minimum and maximum (table II).

These facts suggest that around 20-25 eV the outermost elec-

tronie shells of Kr and Ar, with configuration s p , dominate

the scattering. These shells are very similar both with respect

to binding energies (Kr: 14.0 eV; Ar: 15.8 eV) and with respect

to (average) orbital radius (Kr: 1.88 a.u.; Ar: 1.75 a.u.).

It should be noted that the large decrease of the aforementioned

ratios occurs at an incident energy very close to the binding

energy of these outermost electrons.

A partial wave analysis, which we performed starting from

Walker's phase shifts, further clarifies the situation. It

reveals that in the region around 25 eV both the Ar and Kr

cross sections are dominated by two contributions, namely

from the i.=2 partial wave and from interference between

the 1=1 and 1=2 partial waves. At 20 eV the interference

term -which has the effect of lowering the cross section curves

between 54° and 90 , i.e. around the 1=2 minimum, and enhan-

cing them above 90°- starts to decrease, thus decreasing the

ratio of maximum to minimum intensity.

The difference in behaviour of Kr with respect to Ar at

higher energies arises from several terms involving the 1=3

partial wave, which become important at higher energies for

Kr only. The 1=3 contributions are related to the 3d elec-

trons of Kr and cause the maxima and minima in the Kr curves

to shift to smaller angles, as observed in the experiments.

Finally the presence of several significant contributions

to the cross section is responsible for the rather shallow

minima in the Kr curves, as compared to the Ar case.
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10 eV (figs. 13,14)

At 10 eV only Mehr's experimental work has been published

up to now. We have however also included as yet unpublished

results of Srivastava et al. (198JL) in our figures.

Por Kr we can compare our results with two theories, that of

Walker and that of Weiss (1969). The calculated results are very

close to each other at scattering angles below 70 , but rather

different at larger angles. At those angles our measurement

appears to favour the calculation by Weiss. It should be noted

however that Weiss adjusted the fit parameter in the polarisa-

tion term of his potential to obtain the best agreement with

Mehr's data.

The difference between the two calculations is apparently

due to the difference in the polarisation potentials: at asymp-

totic distances both decrease with 1/r , but at distances equal

to or smaller than the valence electron orbits Walker's poten-

tial is much higher than that of Weiss. It appears that even at

collision energies of 10 eV the scattering intensity depends on

the form of the potential at small impact parameters.

At the smallest angles in our range both our result and the

one of Srivastava indicate that the theories overestimate the

cross sections.

For Ar, where the disagreements between experiments and the

theory of Walker are much larger than in the case of Kr, we find

good agreement with Srivastava et al. at angles of 55° and above.

We cannot explain the wide spread between the various results

below that angle.

CONCLUSIONS

Between 50 and 25 eV the shape of the elastic electron- atom

scattering cross sections seems to be settled now. The cross

sections are predicted quite well by Walker's theoretical data

including a polarisation potential. We think that this agree-

ment is a good basis for a further test of the theory via the

spin polarisation determinations, discussed in a separate paper

(section II.2).
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At 20 eV we found the cross sections to be very much depen-

dent on the scattering energy, which can explain part of the

differences between various experiments. More experiments at

and closely around 20 eV are needed to solve the problems.

At 10 eV the theory of Walker fails, whereas a semiempirical

theory of Weiss gives better results, at least at scattering

angles above 65°. We find good agreement with -as yet unpublished-

results of Srivastava et al., except at the smallest angles.
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3E.2 THE POLARIZATION OP ELECTRONS

ELASTICALLY SCATTERED FROM ARGON AND KRYPTON

AT ENERGIES BETWEEN 10 AND 50 eV

M.J.M. B e e r l a g e , Zhou Qing and M.J . Van d e r Wiel

J . Phys. B: Atom. Molec. Phys . l± (1981) 4627

ABSTRACT

We determined the spin polarization of electrons scattered

elastically from argon and krypton at energies between 10 and

SO eV in the angular range from 40 to 110 .

For krypton we find reasonable agreement at 50 eV with the

measurement of Sohaokert and good agreement with the optical

model calculation of McCarthy et at. Between 50 eV and 20 eV

the theoretical results of Walker agree with our results for Kr.

In the case of argon the overall agreement of our data with

theoretical results and with the few existing measurements of

Schaokert and Mehr is worse.

At 10 eVt both in krypton and argon^ we observe a broad

feature of rather high polarization * which seems to indicate

that predicted points of complete polarization appear as

broad structures over a much larger angular range than expected

from theory.
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INTRODUCTION

Recent experimental work on Xe (Kessler et al. 1977, Klewer et

al. 1979) has shown, that spin polarisation features in elastic

scattering are well understood at high energies (say: > 100 eV).

At lower energies, where electron exchange and the distortion

of the atom play an important role, large discrepancies with

theoretical results were found. It seemed therefore worthwhile

to extend our low- energy studies to other atoms in order to

provide further data to test scattering models.

The choice of Kr and Ar was stimulated by the availability

of several theoretical results, both on cross sections and on

polarisations. Previous experiments in the investigated energy

range -10 to 50 eV- were performed by Schackert (1968a,b):

Ar 40 and 50 eV, Kr 50 eV; and by Mehr (1966,1967) : Ar 40 eV.

We compare our results with theoretical data from Walker (1970,

1971) and from McCarthy et al. (1977).

Walker's theory starts from a one body approach to the Dirac

equation, in which the atom is described by a central potential,

which includes screening of the nuclear charge, exchange and a

polarisation term to account for the distortion of the atom.

Numerical data were obtained from the Munster version of the

program Walker used in his 1970 paper.

In the optical model theory of McCarthy et al. relativistic

effects are included by adding relativistic terms to the optical

model potential, derived from the Schrödinger equation (Furness

and McCarthy 1973) . Besides the effects included in Walker's

theory this model takes real excitations of inelastic channels

into account. It applies a semiempirical approach in order to

describe atomic distortion and excitations.

The agreement between existing measurements and theories is

very poor, especially in the case of argon: only the sign of

the polarisation and the angle of the zero crossings were pre-

dicted reasonably well.

Angular distributions of elastically scattered electrons,

that were recorded simultaneously with the reported polarisations

are published separately (Zhou Qing et al. 1982; section II.1).
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EXPERIMENTAL

The experimental arrangement (fig. 1) is described in detail

elsewhere (section II.1), so we limit the present discussion

to aspects essential to the polarization measurements.

A wide gas beam which was found to be homogeneous in the

scattering region is crossed with an electron beam of 0.1- 0.5 \iA,

having a thermal width of 1 eV, focussed to a 2.5 mm spot in the

middle of a scattering chamber. Around this chamber two identical

lenses are used for the incident and scattered beam. Together they

lead to an angular resolution of + 6.5° at 25 eV and varying as

E~4, E being the electron energy. The electron gun and a retract-

able Faraday cup, mounted opposite the gun for primary beam

monitoring, can be rotated around the scattering center to permit

differential measurements of polarizations and cross sections.

Scattered electrons enter a 90° energy analyser (AE/E = 0.03),

which rejects inelastically scattered electrons, and reach e

Mott detector, where they are scattered on a Au foil after an

acceleration to 100 keV. Two silicon surface barrier detectors

are placed at fixed positions to accept electrons scattered from

the foil to +112° and -112° respectively.

The sum of the count rates from these detectors is to a good

approximation proportional to the number of electrons elastically

scattered off the gas beam. To evaluate the polarisations we

combine the asymmetries (ratio of left to right detector signals)

obtained at opposite primary scattering angles according to

P = S~ . (l+/x)/(l-/x) , (Kessler 1976) where x stands for the ratio

of the asymmetries, obtained at the two angles and S for the

Sherman function (-0.21 + 0.01) of the Au foil. This way of combi-

ning asymmetries leads to polarisation values, that are not

suffering from instrumental asymmetries, which can e.g. be caused

by beam misalignment or different detector efficiencies.

Since approximately 0.2% of the electrons hitting the Au foil

reach the Si detectors the overall efficiency S I./I. of our

Mott detector is 8.10~5 (I. and In stand for the scattered and

incident currents respectively). Our limited angular resolution

was chosen in view of the need for a sufficiently high count

rate of the silicon surface barrier detectors.



Mott detector

lOOkeV

Figure I. Experimental arrangement
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The Sherman function of our Au foil was obtained by extrapolating

Van Klinken's data (1965,1966), taken in a similar Mott chamber,

to our foil thickness of 750 8 and -as a check- by measuring PS

for electrons with a well known polarisation (Baum et al. 1972)

obtained by photoionisation of Cs and Rb vapour using circularly

polarised (U.V.) light (Granneman 1976) .

The present data were taken at an atomic beam density of aproxi-

mately 1.5x10 atoms/cm in an ambient noble gas atmosphere of

3.10~3 Pa and a residual gas pressure of 3.1O~ Pa. We found that

double scattering does not play a role up to atomic beam densities

of approximately three times the above mentioned value, where the

intensity in the minima of cross section curves starts to deviate

from a linear pressure dependence.

Electrons were shielded from magnetic fields by three pairs of

Helmholtz coils outside the apparatus and a double mumetal shield

inside, bringing the residual magnetic field strength below 5.10 T.

The zero of the angular range is found by comparing cross-

section curves obtained at positive and negative scattering angles

and shifting the zero position accordingly. This can be done with

an accuracy of 0.3 , limited by the precision of the stepping motor

that controls the angular setting.

The energy calibration of the experiment vras obtained by

comparing our energy scale with the well known energies of the

three major Xe NOO Auger lines, which lie in the middle of our

energy range. Although in most cases polarisation curves -as

angular distributions- vary only slightly with energy, rapid

changes are sometimes observed (Kessler et al. 1977) , especially

around points of total polarisation (Biihring 1968; Walker 1971).

This makes a careful energy calibration necessary. Our energy

resolution of 1 eV at the Auger energies limits the accuracy of

the calibration to several tenths of an eV.

We performed repetitive angular scans at 5 degree intervals

between + 40° and + 110°, alternately with the target gas

switched on and off, to be able to correct for scattering on

background gas, which contributed up to 10% of the signal in the

minima of the cross sections and at the lowest energies.

The data- taking programme skips angles as soon as the statistical

error in the polarisation value gets below some prescribed value,

usually 0.01 (one standard deviation). The errors in our figures
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Figure 2. Polarisation as a function of scattering angle for Kr at an energy
of 10-eV.
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The error bars in figures 2-13 represent one standard deviation

statistical errors.
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are mostly smaller than this since various consistent runs were

combined to obtain the final results. Error bars do not include

the uncertainty in the Sherman function, which corresponds to + 5%

of the actual numbers in all figures, nor a systematic shift of

(+) 0.005 which may be present in the data due to residual asym-

metries of the apparatus (Beerlage et al. 1981).

RESULTS AND DISCUSSION

Results are given in figs. 2-13. We did not correct the results

for the angular resolution. This would not give further information

in view of the absence of sharp structures in the curves. For

reasons of clarity the error bars involved in the experimental

data of Schackert and Mehr have been omitted.

a. Krypton (figs. 2-7)

In general there is good agreement with other experimental

and theoretical data, except at 10 eV, where we find polarisation

values above 0.1 between 80° and 105°, whereas Walker's theory

gives only 0.05. We think that this structure is related to the

points of total polarisation which Walker (1971) predicts to lie

at 8.6 eV and at angles of 115.0° (P = +l) and 115.8° (P = -l).

The energy shift can simply be explained from our energy resolution

and Walker's statement that his energy scale may be wrong by a

few eV. It is more difficult to explain the angular width of the

structure and the position of the maximum, that we observe

between 95° and 100°, since Walker's peak at 115.0° has an angular

width of 0.4 (FWHM) only. Our angular resolution of approximately

8 at this energy would cause such a maximum to shift to appro-

ximately 110 at the same time reducing it to 0.02. Our measure-

ments therefore lead to the conclusion that the peak is much

broader in angle than predicted and/or that it is surrounded by

a large area with polarisation considerably above the theoretical

result.

At higher energies our polarisation curves are very much similar

in shape to the calculated ones of Walker, especially at 40 eV,

where perfect agreement is reached. The angular shift of the zero

crossing that exists between our observations and the calculated
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curves at the energies of 20, 25 and 30 eV can be ascribed only

for a minor part to our angular resolution, which varies from 7

to 6° in this energy range. Presumably most of the shift is due

to Walker's overestimation of the effect of atomic distortion,

which leads to angular shifts in the theoretical curves to smaller

angles (Walker 1970). The same overestimation leads to (too) large

forward scattering cross sections and correspondingly too low

polarizations at small angles, as can be seen in figs. 3-5.

At 50 eV the situation is less clear. At the smallest angles

our result does not show the high maximum, observed by Schackert.

The theoretical results, especially McCarthy's optical model curve,

do however fit our results. Starting from 6=50 upwards our results

reproduce those of Schackert, also the deep minimum at 65 .

We do not have an explanation for the deviation of the theories.

Our angular resolution of 5° at this energy does not change the

picture.

Our measurements at 40 and 50 eV once again show that spin

polarisation measurements are indispensable to test scattering

models thoroughly, since the differential cross- sections recor-

ded simultaneously show perfect agreement with Walker's results

both at 40 and 50 eV (section II.1) .

b. Argon (fig. 8-13)

In view of the good agreement between experiment and theory

at most energies for krypton, the results for argon are somewhat

unexpected.

At 10 eV our results indicate the presence of a small pola-

risation at forward angles. As in Kr we find a polarisation

feature around 6=100°, which again may be related to a set of

points with total polarisation, which Walker predicts to lie at

6=114.9 (P=+l) and 6=115.1 (P=-l) at the energy of 11.2 eV.

The discussion devoted to the similar feature observed for Kr

holds for argon as well. It is interesting to note that Bühring's

prediction of decreasing peak- width for lighter atoms, which is

confirmed by Walker (Biihring 1968; Walker 1971), is also confirmed

by our experiment, although the absolute value we observe for the

peak- widths is much larger than the theoretical one.
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Polarisation as a function of scattering angle for Ar at energies
of 20 (fig. 9) and 25 eV (fig. 10).
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At all higher energies the general statement that Walker's

theory puts the zero crossing at a too small angle is also valid

for Ar. The shifts that we observe are somewhat smaller than in

the case of Kr, which is probably related to the fact that elec-

trons do not penetrate into the Ar core to the same extent as

they do in Kr due to the smaller nuclear charge of Ar.

At the energies of 20, 25 and 30 eV we find less pronounced

polarisation features around the zero crossings than predicted

by theory. In fact the general shape of the polarisation curves

around the zero- crossings observed for Ar is more or less simi-

lar to the behaviour found for Kr. E.g. the angular difference

of the maximum and the minimum in the curves at 25 eV is 30

for Kr and 20° for Ar, whereas theory predicts 20° and 5° res-

pectively. By convoluting Walker's theoretical curve with a

Gaussian, representing our angular resolution, the angular

difference changes from 5° to 10° for Ar (for Kr this procedure

does not have any influence). This means that the discrepancy

between experiment and theory cannot be explained from our

angular resolution. Since polarisation effects are brought about

by differences in phase shifts of the partial waves for electrons

with different spin orientation, it is interesting to note that

this difference for the I - 1 partial waves -which is by far the

most important in the description of polarization at these ener-

gies- was found to be only 0.01 in the case of Ar compared to

0.05 for Kr, both at 25 eV. This is especially important since

Walker (1970) indicates that the 1=1 partial wave gives problems

in some of his calculations and leads to deviations from expe-

rimental results.

At 40 eV our results confirm the experimental results of Mehr

and Schackert at large angles (e^60°) whereas we found slightly

lower polarisations at smaller angles. Taking the rather large

statistical errors of the earlier experiments into account the

difference between the three experimental results may not be

significant. A comparison of our results with those of Walker

and of McCarthy favours the latter, especially since it predicts

the intensity of the extrema correctly. As at all lower energies

there is complete agreement at backward scattering angles, whereas

in the forward direction a too low polarisation is predicted.



66

o
•—*̂~
HM

5:

o
a

0.08

004

0

-004

-008

i A i

A

A r

i \ T
1 M
i Z 1

! /
A

•

1

A

A

i

T—

i

A

1 i

Argon
50 e V

-

•

•

-

-

40 60 80 100

SCATTERING ANGLE (DEGREES)

Figure 12. Polarisation as a function of scattering angle for Ar at an energy
of 50 eV.

m this work theory McCarthy et at.
theory Walker A experiment Schackert



67

At 50 eV we find a very remarkable difference with Schackert's

early experiment: his large polarisation values (up to + 12%)

are not reproduced in our experiment, which instead produces a

curve similar to those found at the other energies. We think

that his spin- analyser, which operates at 300 eV and is much

more sensitive to errors in the energy- setting and in the angle

of incidence cf the electrons than a Mott detector, has been

influenced by some instrumental asymmetry. The same might apply

to his Kr 50 eV results. However we do not have a simple expla-

nation for the fact that there is good agreement between

Schackert's results and ours at some energies and complete dis-

agreement at other energies. As far as the agreement with theo-

retical results concerns one can observe that it is good at all

angles except around the zero crossing. Our measurements confirm

the existence of a polarisation maximum around 60° as found by

McCarthy et al only. Their deep minimum at a slightly larger

angle is however not reproduced experimentally.

CONCLUSIONS

The theoretical results of Walker and of McCarthy et al. are in

good agreement with our experimental results as far as the general

shape of the curves is concerned. Small deviations that occur

in the position of the zero- crossings and in the polarisation

values at relatively small scattering angles can be attributed

to an overestimation of the part of the atomic potential that des-

cribes the distortion of the atom.

In the case of argon polarization features around the zero-

crossings are less pronounced than theory predicts. An error in

the 1 = 1 phase shifts is probably responsible for this deviation.

We observe pronounced polarization features in the scattering

near e = 100 from Ar and Kr at 10 eV. Only in a qualitative sense

these features can be related to theoretical predictions about

the existence of points of total polarization close to our

scattering energy and angle.

Although McCarthy's results were only available at the highest

energies they fit our results slightly better than Walker's,

indicating that real excitations of inelastic channels are impor-

tant.
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At the few energies where earlier experimental results from

Schackert and from Mehr were available we have considerably

diminished the disagreement with theory.

Our results on Kr at 40 eV and at 50 eV g.'.ve a nice example

of the indispensability of polarisation measurements to test

scattering models.
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CHAPTER BE

SPIN POLARIZATION

IN ELASTIC ELECTRON SCATTERING

FROM OPTICALLY ACTIVE COMPOUNDS

JlL.l DIRECT DETERMINATION OF THE VECTOR POLARIZATION

OF ELECTRONS BY MEANS OF A TILTED WIEN FILTER

M.J.M. Beerlage and P.S. Farago

J. Phys. E: Sci. Instrum. l± (1981) 928

ABSTRACT

A simple method is described for the measurement of all

three components of the spin polarization of charged particles

in cases where the polarization detector itself is sensitive

to one polarization component only. The method relies on an

unconventionally mounted Wien filter as a spin rotator.
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In many experiments which require the measurement of spin

polarisation it is necessary to change the initial direction

of the spin of the particles relative to their momentum in

order to create specific scattering conditions (Kessler 1976) .

Most common is the situation where the polarisation must be

changed from longitudinal (i.e. parallel to the momentum) to

transverse (i.e. perpendicular to the momentum) for the pur-

pose of measuring the polarisation with the aid of either a

conventional high energy Mott detector (Granneman et al. 1976)

or the recently developed detector based on low energy elec-

tron diffraction from surfaces (Kirschner and Feder 1979).

In these cases one often uses as spin rotator a Wien filter,

i.e. a combination of an electric and a magnetic field which

are perpendicular to one another and to the particle momentum.

If the electric and magnetic fields are Ë and B respectively,

charged particles with non- relativistic velocity x will pass

such a filter if

Ê = -vxB • (1)

Passing a filter of length L the spin of the particle will

precess about B through an angle

$ = eBL/mv , (2)

where e and m are the charge and the mass of the particle.

The field B is customarily chosen to lie in the scattering

plane of the Mott detector in order to change the spin direction

from longitudinal to transverse in the most direct way.

Now that powerful sources of spin polarised electrons ""

have become available, particularly the one based on photo-

emission from caesiated GaAs (Pierce and Meier 1976, Pierce

et al. 1980), experiments aimed at measuring the rotation

of spin in certain scattering processes have become feasible.

Furthermore it was shown recently (Farago 1980) that electron

scattering from optically active molecules might give rise to

spin polarisation in the scattering plane in addition to

polarisation perpendicular to the plane arising from spin-
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orbit interaction. Such experiments require the measurement

of a spin polarisation vector in an arbitrary direction.

One way of doing this is to use a Mott detector whose scatter-

ing plane can be rotated through 90° in combination with a

Wien filter having B in one of the scattering planes.

The purpose of this note is to show that the same result

can be obtained with a fixed Mott detector if one chooses an

unconvent -jnal orientation for the Wien filter.

It is at.umed that we have a beam of charged particles of

vector polarisation P moving in the direction k and passing

through a Wien filter to reach a polarisation detector (fig.l).

The detector is set to measure the polarisation along the unit

vector n. Before entering the Wien filter let the polarisation

of the beam be

P = P3(nxk). (3)

If the Wien filter is rotated about the k- axis (beam axis)

and thereby the I field is tilted by an angle 9 in the

(n, nxK) plane, the axis of spin precession is defined by the

unit vector

b = B/|I| = n sine + (nx£) cose. (4)

In order to calculate the change in P due to the spin preces-

sion about b let us introduce a new reference frame spanned by

the unit vectors

e2=k, (5)

and related to the (n,k,nxk) reference frame by the equation

cose 0 -sine

0 1 0

sine 0 cose

n

k

nxk

(6)
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particle
beam

Wien filter

Mott detector

Figure 1. Schematic diagram of the experimental arrangement and the definition

of reference frames.



75

In the new coordinate system the polarisation vector is

p = (P cose-P;jsine)e1+P2e2+(P1sine+P3cose)e3 , (7)

and a precession of P about b (=e3) by an angle 41 (as given

by equation (2)) yields

PU) =

cosiji -sin<|> 0

siniji cos<(i 0

0 0 1

• P(0) . (8)

S u b s t i t u t i o n of eq . (7 ) for P(0) g ives

={ (p cos6-P3sine)cos<(>-

+ { (P,cos6-P3sin6)sin<j>+

+(P1sine+ (9 )

The Mott de tec to r measures P(((>).n for which eqs . (6 ) and (9) give

- 2
P($).n = PjSin e + P^sinecose - P2cos9sin<j) +

2
(P,cos e - P,sinecose) cos((i . (10)

Two special cases of eq.(10) are of particular interest.

(i) If the usual orientation is chosen, 8=0, one finds

P(<()) .n = P_sin(j> . (11)

Thus the components P, and P 2 of the initial polarisation P

can be measured separately by setting <j>=0 and C(>=TV/2 respec-

tively; P 3 cannot be measured.

(ii) If we choose 6=TT/4 we find

P2sin<j, . (12)

With this orientation of the Wien filter all three components

of P can be determined by measurements at three different

values of $, e.g. at <|>=0, \v and ir, corresponding to three
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different pairs of electric and magnetic field settings as

required by (2). Note that at zero fields ($=0) one mr isures

P and at <J>=TT the measurement yields P3 directly. In order

to determine P~ independently of the other components one

must perform two measurements, namely at angles 41 and - $.

The difference of the two results gives

P2=(/2 sinl*!)"
1 ,{P(-*) .n-PU) .n>, (13)

hence [ $ \ = ̂ir makes a sensible choice.

The same complete information about the vector polarisation

can be obtained by measuring P.n at several 4> values and

Fourier analysing the results according to eq.(12) . This method

is obviously more laborious than the previous one but the

results provide more information, in particular about instru-

mental asymmetry. In our laboratory we have used a 45 tilted

Wien filter to measure various components of the vector pola-

risation of electrons scattered from optically active

molecules (Beerlage et al. 1981) .

ACKNOWLEDGEMENTS

We are indebted to Prof. M. Van der Wiel for helpful

discussions. P.S.F. wishes to express his gratitude for the

generous hospitality extended to him by the FOM- Institute.

This work was part of the research program of the Stichting

voor Fundamenteel Onderzoek der Materie (Foundation for

Fundamental Research on Matter) and was made possible by

financial support of the Nederlandse Organisatie voor Zuiver

Wetenschappelijk Onderzoek (Netherlands Organisation for

the Advancement of Pure Research).



(#»'-.

77

REFERENCES

Beerlage M.J.M., Van der Wiel M.J. and Farago P.S., 1981

J. Phys. B: Atom. Molea. Phys. 1± 3245

Farago P.S., 1980 J. Phys. B: Atom. Moleo. Phys. 1Z_ L567

Granneman E.H.A., Klewer M. and Van der Wiel M.J., 1976

J. Phys. B: Atom. Molec. Phys. 9_ 2819

Kessler J., 1976 Polarized electrons (Berlin; Springer)

Kirschner J. and Feder R., 1979 Phys. Rev. Lett. £2 1008

Pierce D.T. and Meier F., 1976 Phys. Rev. BIS 5484

Pierce D.T., Celotta R.J., Wang G.C., Unertl W.N., Galejs A.,

Kuyatt C E . and Mielczarek S.R., 1980 Rev. Sai. instr. 51_

478



78

Ut.2 A SEARCH FOR SPIN EFFECTS

IN LOW=ENERGY ELECTRON SCATTERING

FROM OPTICALLY ACTIVE CAMPHOR

M.J.M, Beerlage, P.S. Farago and M.J. Van der Wiel

J. Phys. B: Atom. Molec. Phys. 1± (1981) 3245

ABSTRACT

It was recently suggested that spin-polarization effects

might occur in electron scattering from optically active mole-

cules due to 'parity violation't i.e. originating from the lack

of inversion symmetry in the target. This suggestion has been

put to an experimental test. Elastic scattering experiments

were performed on camphor at 25 eV in the angular range between

40 and 70 degrees. The polarisation is found to be less than

the error margin of 0.5 % (two standard deviations).
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INTRODUCTION

Recently it was shown (Parago 1980), that low -energy elec-

tron scattering from optically active molecules may give rise

to polarisation effects, that are not due to spin- orbit or

exchange interaction. The origin of these effects lies in the

lack of inversion symmetry in those molecules. In the simplest

case of elastic scattering of an unpolarised primary electron

beam one expects that the scattered electrons have a component

of spin polarisation in the scattering plane. This is clearly

distinguishable from the effect arising from Coulomb scattering

which yields polarisation perpendicular to the scattering plane.

These considerations, however, give no indication of the

magnitude of the "in plane" spin component or its dependence

on energy, angle and compound. For a first test it seemed

therefore reasonable to use an existing apparatus, designed

and used (Klewer et al. 1979) for low -energy (5-300 eV) elec-

tron scattering from gaseous targets and subsequent spin pola-

risation analysis of scattered electrons, at the scattering

conditions (E= 25 eV, 6= 40°- 70°), that are most suited to

the apparatus.

Camphor (cioHi6^^ w a s c n o s e n a s tlie target gas for several
reasons:

- the L(-) and D(+) enantiomorphs as well as the racemic mix-

ture are easily available in high purity and in large quanti-

ties;

- at room temperature its vapour pressure is very high, such

that we could perform the experiment without using a compli-

cated heated gas -inlet system;

- the vapour can easily be pumped using a liquid air trap;

- the target molecules do not contain any heavy atom. Thus there

will be hardly any disturbance from polarisation effects

due to spin -orbit interaction (Hilgner et al. 1969);

- the vapour is chemically inert.

THEORY

We shall briefly consider the elastic scattering of unpola-
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rised electrons from optically active molecules (see Farago

I960) . In terms of the initial and final momenta of the elec-

tron, k^ and k2, the reference frame (fig. 1) is defined by

the unit vectors

fl3- nixfi2 .

(1)

The angle between k\ and k2 is denoted by 6

Figure 1. Definition of the aoordinate system. The unit vector n~ points upwards

We choose fi_ as the quantisation axis. Since the target has
zero spin, the (2x2) interaction matrix for the scattering is
given by

M= f5 + ga.fi- + ha.n, f (2)

where a.fi2 and a.fi, are components of the spin operator 5;

5 Q is the (2x2) unit matrix; f, g and h are scattering ampli-
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tudes, describing respectively direct, spin- flip and 'parity-

violating' scattering.

Starting with an unpolarised primary electron beam of unit

intensity the scattered intensity is given by

So= |f|2 + |g|2 + |b|2, (3)

and the polarization components of the scattered electrons are

given by

lzJ

In the absence of parity violation (h=0) both P. and P3 vanish

and one is left with the polarisation component P- perpendicular

to the scattering plane.

Interference of parity- violating scattering with spin- flip

and direct scattering gives rise to non- zero P1 and P, compo-

nents respectively. Since for targets without heavy atoms the

amplitude g is very small we expect P., to be negligible. Thus

the best candidate for the observation of parity violation will

be P3.

Due to restrictions set by the apparatus, the experiment was

confined to the measurement of

P* = p. ••. I = p, cos^e) + p. sin(^e)~ P, cos(^e) .(.5)I te2 I 3 1 3

which -in the angular range of 40° to 70°- is by far the largest
fraction of Po.
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Figure 2. Experimental arrangement. Note the unusual orientation of the
Wien filter (tilted by 45°).
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EXPERIMENTAL

a) Apparatus

The experimental setup is shown schematically in fig. 2.

Camphor is contained in two stainless steel tubes outside the

scattering chamber and can be admitted into the high vacuum

system (base pressure: 2*10~ Pa) via a stainless steel pipe,

which is provided with a 20 mm long, 1 mm diameter effusion

cylinder. This inlet system provides a molecular target,

which is almost homogeneous in the narrow region where it is

crossed with the electron beam.

Therefore we can obtain differential cross sections by apply-

ing a simple sine correction to the scattered intensities (chap-

ter II. 1). The camphor pressure in the scattering volume was esti-

mated to be 5.10 Pa at an ambient camphor pressure of

10 Pa. These pressures were controlled by water-cooling the

camphor containers to approximately 14 c, which also eliminated

short term pressure variations. Moreover this arrangement

prevented the condensation of camphor outside the containers.

The electron gun produces a beam current of 0.3 vA, focussed

to a 2.5 mm spot in the middle of the scattering chamber and

having a ± 4.5° divergence. The beam current can at any time be

measured in a Faraday cup opposite the electron gun. The beam

diameter was established by measuring the current through a

diaphragm which could be inserted in the middle of the scattering

chamber. The beam divergence was determined in previous measure-

ments (Klewer et al. 1979, 1980), where we compared angle-depen-

dent polarisation and angular distribution of scattered electrons

with other experimental and theoretical data. The electron gun

and the Faraday cup are mounted on a rotatable disk, thus permit-

ting differential scattering experiments with a fixed 'detector' .

In the output electron- optical system one has firstly a

lens which images the scattering region on the entrance of a

'90 spherical analyser' . This device, when used in combination

with a focussing output lens, acts as an energy analyser, with

a resolving power of 3% for our slit sizes (Klewer et al. 1980).

The imaging of this analysing section occurs at the input of a

Wisn filter (W.F.), a device maintaining crossed electric and
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magnetic fields, both perpendicular to the electron beam

direction. This device is used as a spin rotator. In this

W.F. two rectangular coils, set apart by the Helmholtz dis-

tance, provide a magnetic field up to 10* T; a matched set

of two Mo plates is used to maintain the electric field.

Finally the electrons enter an accelerator, and are scat-

tered at 100 keV in a Mott- scattering chamber, supplied

with various scattering foils and two silicon surface barrier

electron detectors. The scattering in the Mott detector is

co-planar with the scattering from the camphor sample. If the

W.F. is not turned on and a Au foil is inserted, one can

measure the polarisation component P„, perpendicular to both

scattering planes. Since the complete W.F. and thus its

magnetic field direction is tilted out of the scattering plane

by 45° (in a plane perpendicular to the electron momentum)

one can bring the polarisation component of interest, P*, in

the fi_ direction, suited to the Mott detector, if electron

spins are made to precess by 180 about the magnetic field

(Beerlage and Farago 1981; section III.l).

In the low- energy section of the apparatus great care is

taken to protect the electrons from electrostatic and magnetic

stray fields: three pairs of Helmholtz coils outside the

apparatus eliminate most of the earth magnetic field; a double

mu- metal shielding inside the vacuum system brings the residual

magnetic field below 5.10~ T anywhere along the path of the

electrons. All parts of the electron- optical system as well

as the scattering chamber -not shown in fig. ?- are made out

of molybdenum, thus diminishing contact potential and conta-

mination problems.

b) Calibrating and measuring procedures

In all measurements we get polarisation values P (either P_

or P*) by combining the count rates of the two surface- barrier

detectors for both positive and negative scattering angles:
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s /-f r

/NT NR

NR NL

where S is the Sherman function of the Au foil in use, + and -

refer to positive and negative scattering angles, L and R denote

right and left detectors (Kessler 1976) . The count rates N are

corrected for scattering from residual gas, which contributes

about 2% to 5% of the signal.

By combining the results taken at opposite angles one eli-

minates the main causes of instrumental asymmetry: misalignment

of the scattered beam and different efficiencies of the two

detectors. The sum of the count rates N L + N R is -to a good appro-

ximation- proportional to the scattered intensity and was used to

obtain the differential cross section.

The zero of the angular range is found by comparing the cross-

section curves for positive and negative scattering angles.

Measurements were performed only when these curves overlapped

to within a few percent over the entire angular range of the

apparatus (30 -110 ), thus indicating a correct setting of the

electron optics and the zero position.

Polarisation measurements were performed in a smaller angular

range: 40° to 70°, where scattering from residual gas was rela-

tively small and the cos(%8) factor of eq. (5) is large.

The Sherman function S of the gold foil used was 0.21^-0.01.

This value was established by extrapolation from Van Klinken's

data (1965,1966), taken in a Mott detector similar to ours, and

-as a check- by measuring the product P.S for electrons with a

well- known.polarisation, obtained by photoemission from Rb and

Cs vapour (Granneman 1976) .

The calibration of the W.F. was performed by measuring the

spin polarisation component perpendicular to the scattering plane

for polarised electrons from a similar photoemission source as

a function of the current through the B- field coils of the W.F.

(Granneman et al. 1976) . The field setting at which the spins

precess ovar 180° can thus easily be found. It should be noted
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25

P(Pa)

Figure S. Scattered current as a function of camphor saturated vapour pressure.
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that a small deviation from 180° will not substantially

affect the measurement of P* since the contribution from a

possible Mott- component will be reduced by a factor cos(<|>/2),

where $ is the precession angle.

All camphor we used (D(+) and D,L) was analytical grade,

with a purity better than 99.7 % (L(-) was only available in

technical grade).

The isomeric composition was checked by measuring the rota-

tion of plane polarised Na- D light due to camphor, dissolved

in methanol at various concentrations up to 70 g/1. In order

to test that the scattering target was camphor -and not some

contaminant with a much larger cross section- a measurement

was performed in which the temperature of the containers was

varied between 0°C and 20°C. The resulting count rates varied

linearly with the temperature dependent camphor pressure (CRC

Handbook) as plotted in fig. 3. This figure also shows that

under the normal scattering conditions (T=14 C; p=l5 Pa; typi-

cal count rate 2000/s per detector) double scattering does not

play a role.

Data were taken in two different ways:

- Firstly, a sequence of computer controlled angular scans

were taken {up to 70 in a measurement). Each scan of typi-

cally 25 min, in which the camphor beam was switched on,

was followed by a similar one without camphor in order to

determine the contribution from residual gat; to the scatter-

ing. These measurements were performed both on D(+) and D,L

camphor with the W.F. switched off to measure Mott- polari-

sation, and with the W.F. on to detect parity violation,

respectively

- Secondly, polarisation differences were measured at one

pair of angles (± 70°). In this case background scattering

was not measured since the previous measurements indicated

that at this angle background contribution to the observed

polarisation was less than 0.1%.

Two methods were used:

i) With the W.F. set to detect P* the polarisation found

for D(+) camphor was compared with the one obtained

for D,L camphor.
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Figure 4. Angular distribution of electrons elastically scattered from camphor

at an energy of 25 eV.

TABLE I

Results of angular scans. Errors quoted are double standard deviations- see text.

e

(deg)

40

45

50

55

60

65

70

P*(D,L)

(%)

0.6+0.6

1.1+0.6

0.0+0.6

0.1+0.7

0.5+0.7

0.2+0.7

-0.1+0.7

P*(D(+))

(%)

0.1+0.5

-0.2+0.6

-0.2+0.6

-0.4+0.6

0.1+0.6

-0.7+0.7

-0.8+0.7

AP*

(%)

0.5+0.8

-1.3+0.8

-0.2+0.8

-0.5+0.9

-0.4+0.9

-0.9+1.0

-0.7+1.0 •

P2(D,L)

(%)

0.3+1.1

0.8+1.2

0.3+1.2

-0.3+1.4

1.7+1.4

1.2+1.4

-0.8+1.5

P2(D(+))

(%)

0.5+1.2

1.1+1.2

-0.4+1.3

0.7+1.4

-0.2+1.4

-0.9+1.5

0.7+1.5
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ii) We compared the scattering asymmetry P*S -as given in

eq. (6)- found for D(+) camphor with the usual gold foil

in the Mott chamber to the asymmetry observed using an Al

foil. (The latter should give zero because of the small

nuclear charge of Al).

In these measurements we made alternating runs with 6 min data-

taking at positive and negative scattering angles.

RESULTS AND DISCUSSION

a) Angular scans

The cross section for elastic scattering on camphor is shown

in fig. 4. Data for positive and negative scattering angles,

which differ by maximum 5% due to small residual magnetic

fields and the resettability of our angle control, were aver-

aged.

Results of polarisation measurements are listed in table 1.

The errors quoted in columns 2,3,5 and 6 were obtained as

follows: firstly the polarisation P. and the statistical error

e. for each scan were calculated and then, -from the total

counts of all scans- the statistical error e. of a complete

measurement was calculated for the overall polarisation pfc.

Those runs for which the error bar (+ two standard deviations)

P.+E. did not overlap with the Pt+et error bar were rejected.

It turned out that 3% of the scans had to be rejected (statis-

tically one expects -0.1%). Finally the summation was repeated

to obtain the listed values of P and e.

It should be noted, that the uncertainty in the Sherman

function is not included in the errors. In the calculations

a value of 0.21 was used. The uncertainty in S of +0.01 corres-

ponds to a possible systematic error in all results of table 1,

amounting to + 5% of the listed values. The observed Mott-

polarisation P2 -columns 5 and 6- is very small, as expected,

and justifies our eq. (5). Moreover we can be sure that the

measured values of P* are unaffected by small errors in the

W„F. setting.

The results for P*, especially column 3, suggest that a
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small effect might exist at the largest two scattering angles.

If that is the case one would expect P* to be zero at all angles

for D,L camphor, since in the racemic mixture the effects caused

by one enantiomorph are cancelled by the other (Farago 1980).

This is indeed the case (2nd column) except at 9 = 45°. This

suggests that slight asymmetries may occur which are not taken

into account by eq. (6).

Column 4 contains the difference AP* of the values P* found

for D(+) -and D,L camphor, together with its double standard

error. This AP* is relatively insensitive to instrumental errors,

although a longterm stability over periods of up to 24 hours is

required to make AP* meaningful.

b) Polarisation difference measurements

In view of the previous discussion it seemed sensible to

select 9 = 70° for a decisive polarisation difference measure-

ment: at that angle we found the largest P*: (-0.8+0.7) % at

the lowest noise level (2%).

The time between the measurement of P* for D(+) camphor and

the "zero" -either P* for the racemic mixture or the asymmetry

observed with an Al foil- was reduced from 24 hours to 30 minu-

tes by alternately measuring P*(D(+)) and the zero. Final results,

for which data collection took approximately 6 hours each were

P* = (-0.1 + 0.5)% (double standard error) if scattering on the

Al foil is taken as zero and P* = (0.3 + 0.5)% if scattering on

D,L camphor defines zero.

These results provide an upper limit to the parity- violation

effect. They are consistent with one another and with the result

obtained at 70 in the angular scans. The absence of a measurable

effect in this difference measurement indicates that the numbers

obtained in the angular scans may be subject to an apparent shift

in the absolute velue of the polarisation of up to approximately

0.005. If we take that into account we must conclude, that between

40° and 65° the polarisation effects are zero within 1%, including

systematic and statistical errors.
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CONCLUSIONS

The polarisation effect that we searched for is very small

for this compound and these scattering conditions: less than 1%

in the investigated angular range and less than 0.5% at the

angle of 70°, where various difference measurements were per-

formed. The statistical analysis of the collected data indica-

tes that we have approached the limits of precision allowed by

the (long- term) behaviour of our apparatus, namely the reliable

measurement of scattering asymmetries PS of the order of 10 ,

i.e. polarisations within 0.005. We feel that a dynamical

calculation of the effect, which takes into account the lack

of inversion symmetry of the target, is required before a more

extensive search is made.
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CHAPTER JE

A SCATTERING APPARATUS

FOR SPIN POLARIZED ELECTRON SCATTERING

ON SOLID SURFACES

JS.,I INTRODUCTION

1.1. Experimental aim

The apparatus discussed in this chapter is to be used for

£>pin Polarized Low Energy Electron Diffraction (SPLEED) expe-

riments. In first instance clean and adsorbate covered non-

magnetic surfaces will be chosen as targets. It has been shown

(Feder and Kirschner 1981, Feder 1981) that SPLEED, possibly

in combination with electron-atom scattering experiments of

the type discussed in Chapter II, can provide more information

about surface geometry, electronic structure and adsorption

processes than normal LEED. In many cases it is also a more

sensitive technique.

After the studies on non-magnetic materials scattering ex-

periments on magnetic surfaces are planned.

In conventional LEED experiments (see e.g. Pendry 1974)

a low-divergence monochromatic electron beam is scattered on

a crystal surface. Due to surface periodicity elastically scat-

tered electrons emerge in beams„ usually the intensity of these

beams is determined as a function of the electron energy

(I-V curves). Other parameters of importance in LEED studies

are the polar and azimuthal angle of incidence of the prima-

ry beam (referred to some specific crystal orientation), tar-

get temperature and the degree of coverage by some adsorbate.
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From such experiments one can obtain information about sur-

face electronic structure and adsorption processes, mainly

by comparing the experimental results with the outcome of ra-

ther involved theoretical studies.

In SPLEED experiments the conventional electron gun is re-

placed by some spin-polarized electron gun. In addition to

I ~ V curves one can obtain 'A-V curves' i.e. one can measure

- as a function of primary electron energy - the normalized

intensity change A, that occurs when the incident electron

beam polarization is reversed:

It - n-
IT + 1+

where I+(+) stands for the intensity of some diffracted beam

in the case that the spin of the incident electrons is parallel

(antiparallel) to some specific direction. In addition to be-

ing more sensitive to details of the theoretical models the

quantity A provides information that cannot be obtained from

I-V curves (Feder 1981), e.g. about surface relaxation, the

detailed shape of the surface barrier and surface magnetiza-

tion. Moreover it is not influenced by one of the main pro-

blems of conventional LEED, namely the variation of primary

beam intensity with energy.

In the scattering from clean and adsorbate covered non-

magnetic materials, which is the principal aim of the appara-

tus, the spin direction must be chosen perpendicularly to

the scattering plane, determined by the incident electron

beam and the surface normal. Only this spin component is

sensitive to spin-orbit interaction, which is the only spin-

dependent effect in such a scattering process. A SPLEED mea-

surement thus consists of determining scattered intensity I

and asymmetry A for spins parallel and antiparallel to this

direction.

In the scattering from magnetic surfaces the two spin com-

ponents in the scattering plane are also important due to the

presence of both spin-orbit and magnetic effects influencing

spin. Thus such experiments must be aimed at determining scat-

tered intensity I and three quantities A for three independent

spin directions.
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1.2. Overview of apparatus and measuring procedure

The apparatus essentially consists of two parts (see fig.l;

one can refer to fig.6 for more details): a spin-polarized

electron source which can provide a low-energy electron beam,

and a scattering chamber, containing the target and a detector

for measuring the intensity of elastically diffracted electron

beams. These two parts are separated by a straight through

valve, which allows us to operate the source independently of

the conditions in the scattering chamber and vice-versa. In

the following the two parts will be called 'source chamber'

and 'target chamber' respectively.

The electron source is of the GaAs type (Pierce et al.

1975). In this source electrons having longitudinal spin pola-

rization are obtained by photoemission from a GaAs cathode

using circularly polarized light. The polarization of the elec-

trons leaving the cathode can be reversed by reversing the

circular polarization of the incident light. This is done by

means of a quarter-wave plate, which converts linearly pola-

rized light from a laser into either righthanded or lefthanded

circularly polarized light. The cathode is placed in the top-

most part of the source chamber and it is irradiated by a laser

beam coming from below. Principles and performance of the sour-

ce will be discussed in section IV.2.

On their way from the cathode the electrons pass through

several lenses and a spin-rotator i.e. a device which can

change the spin from its original (longitudinal) direction in-

to transverse, both in the plane of the figure and perpendi-

cular to it. The electron momentum is not changed.

In the lowest part of the source chamber an electrostatic

mirror deflects the electrons by 90°. The aim of this mirror

is twofold: firstly the electrons are bent out of the laser

beam and secondly the relative orientation of spin and momen-

tum changes: in the case that the spin rotator is not used the

longitudinal spin of the electrons moving downward becomes
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a. position of GaAs

b. position of spinrotator

a. position of electron mirror

d. straight- through valve

e. scattering centre

f. target manipulator

Figure 1. Apparatus
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transverse since the electrostatic field influences the elec-

tron momentum only (Kessler 1976),

; . At the exit of the mirror the electrons are focussed onto

a lens that brings them to the scattering energy and that de-
: termines the final dimension and divergence of the electron

beam.

All electron optical components and electron beam charac-

teristics will be discussed in section IV.3.

The target chamber contains a W(001) crystal mounted on the

< top manipulator in a vertical plane, and a detector that can

H be rotated about the crystal in the horizontal plane determined

':;• by the incident electron beam and the W surface normal. The

-, latter plane will be called 'scattering plane'.

J. In this way the scattering conditions for SPLEED on non-

j;1' magnetic surfaces are fulfilled without using the spin rota-

ting device, since the electron spin is perpendicular to the

• scattering plane in that case.

The target crystal can be rotated about its vertical axis,

'•i such that the polar angle of incidence varies, and it can

l\ be rotated about the surface normal, such that non-specularly

diffracted beams can be brought in the scattering plane.

The detector can accept a single LEED beam, reject inelas-

tic electrons via a series of grids and thus measure the in-

tensity of the elastically scattered part of the beam.

The target chamber is further equipped with a commercial

LEED/Auger system for surface analysis, a gas-inlet valve,

sputter ion gun etc. The target chamber is the subject of sec-

tion IV. 4.

The entire apparatus is a bakeable ultra high vacuum system
_Q

maintaining a base pressure below 10 Pa. Vacuum aspects will

be discussed in section IV.5.

One can in principle determine a single A value by measuring

the intensity of the elastic part of a LEED beam, scattered

off the W crystal, at the two opposite settings of the quarter

wave plate that result in lefthanded and righthanded circularly
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Figure 2a. Relevant part of the bandstruature of GaAs (from Zuoca et al. 1970).

1.52

Figure 2b. Left: Bandstruature and symmetry around V- point (broken box in 2a).

Right: Transitions at V for a polarised light (selection ruLe:
Am. = +1). Relative transition probabilities are encircled.-

. < • * '
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polarized light irradiating the GaAs cathode. Thus If and 1+

will be found and A can be calculated by using eq. (1) . A

(relative) value for I is also obtained, since I is given by

the average of 1+ and IK In order to obtain fast and automa-

tic data acquisition the setting of the quarter wave plate and

the measurement of scattered intensities is computer control-

led. Also, by using DAC's to set a few electron lenses and

retarding grids, the primary beam energy can be scanned auto-

matically. Only the angular settings of target and detector

have to be done manually.

THE GaAs SPINPOLARIZED ELECTRON SOURCE

2.1. Principles of operation

GaAs is a direct bandgap semiconductor, i.e. valence band

maximum and conduction band minimum occur at the same wave

number k (fig. 2.a,b - Zucca et al. 1970). The bandgap E of

1.52 eV is found at the r-point (k =0). At this point the va-

lence band is split by 0.34 eV (A) due to spin-orbit interac-

tion. The character of the bands around T is given in fig. 2b.

If one uses circularly polarized light with positive helicity

to excite electrons from T„ to Tg (photon energy between E

and E +A) only transitions for which Am. =+1 are allowed

(full arrows in fig. 2b). Since the transition probabilities

are different for different spins the excited electrons will

be spin polarized with a polarization of (3-l)/(3+l) =50%.

Increasing the photon energy above E + A will result in a de-

creasing spin-polarization since transitions from r? become

possible (broken arrow). Moreover at photon energies above

1.8 eV transitions to the L valley (fig. 2a) will contribute

to the overall polarization of the excited electrons.

In order to escape into the vacuum excited electrons have

to overcome the surface potential barrier, which in pure GaAs

is of the order of 4 eV (fig. 3a). The surface barrier can ,
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/CONDUCTION

Ga As

WCUUM LEVEL

Surface
barrier

Figure 3a. Surface 'barrier and relevant bands at GaAs surface.

\ i - * -»OJJM LEVEL

EA

NEA-GaAs

\
Cs-0

LEVEL

-GaAs Cs-0

Figure 3b. Figure 3c.

Situation in p- doped GaAs covered with Cs and 0 to obtain a

Negative (fig. 3b) or Positive (fig. 3c) Electron Affinity.
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however, be lowered. This is done by covering a heavily p-dop-

ed GaAs surface with Cs and O2 (Scheer and Van Laar 1965). A

heavy p-dope results in a lowering of the Fermi level and in

a negative band bending at the surface. The coverage with Cs

and O, leads to a surface dipole layer, reducing the surface

barrier. In this way a negative electron affinity (NEA) can

be obtained i.e. the (bulk) conduction band minimum lies above

the vacuum level, such that even electrons excited to the bot-

tom of the conduction band, i.e. to T&l can escape (fig. 3b).

In this case the electron escape depth, determined by re-

combination, is around 1 ym. This is two orders of magnitude

larger than the escape depth for hot electrons which determi-

nes the quantum yield (number of electrons per incident pho-

ton) if a surface barrier is present. Therefore a NEA cathode

is a very efficient source of electrons, which can in prin-

ciple have a polarization of 50% if the photon energy is cho-

sen slightly above E (1.52 eV).

The initial electron energy and energy spread will be of

the order of the electron affinity i.e. a few tenths of. an

eV.

A crucial point in the performance of a NEA-GaAs cathode

lies in a possible depolarization of the excited electrons

on their way to and through the surface. This depolarization

can be caused firstly by several bulk processes, the most im-

portant being the exchange interaction between electrons and

holes (Fishman and Lampel 1977), and secondly by exchange

scattering on atomic Cs in the Cs-0 layer. This process has

a very large cross-section at low energies (Campbell et al.

1971) .

It was calculated that the bulk processes will reduce the

spin polarization of the photoelectrons from 50 to 42% (Pierce

et al. 1980). The importance of the surface-layer process is

reduced by the pairing of spins in this layer. For a well-

prepared photocathode the Cs-0 layer is known to be on the Cs

rich side of the - spinless - Cs2O (Spicer 1977) . Thus only

some scattering on atomic-like (physisorbed) Cs can play a

role.

. 'M.'



102

Recently it was concluded (Pierce et al. 1980) that the

depolarization caused by the Cs-0 layer is much larger for

emission from the (110) plane, i.e. the cleavage plane, of

NEA GaAs than for emission from the (100) plane. This makes

the (100) plane most suited for use as a NEA-GaAs cathode.

The (111) face cannot be used, because it is unstable at tem-

peratures needed for heat-cleaning the GaAs (MacRae 1966) .

The polarization of the electrons near the threshold of

NEA-GaAs was found to be 43% for the (100) face (Pierce et

al. 1980) and 21% for the (110) face (Erbudak and Reihl 1978).

These polarizations were measured at room temperature. At low-

er temperatures they increase, at most by a few percent at

liquid N 2 temperature. The polarization of 43%, found for

the (100) face suggests that in this case the effect of the

Cs-0 layer is completely absent, since this value corresponds

to the 42% predicted for electrons entering the surface layer.

One can overcome the low polarization (21%) obtained in

emission from (110) NEA-GaAs by using positive EA GaAs (fig.

3c). Such a surface is obtained if the yield of the cathode

is optimized at higher photon energies. From energy distri- .

butions of photoelectrons it was found, that for photon ener-

gies between 1.8 and 3 eV, the electrons are emitted predomi-

nantly from the L-point (fig. 2a) and leave the crystal with

a kinetic energy around 0.5 eV (James and Moll 1969) . This

high kinetic energy reduces the depolarizing effect of the

Cs-0 layer to a great extent. From arguments similar to those

used in the discussion of emission from the r-point one can

deduce that the initial L-electron spin polarization is quite

similar to the r-polarization. For the electrons emitted using

a HeNe laser (1.98 eV) a final polarization of 35% has been

found (Reihl et al. 1979).

The possibility of using the simple HeNe laser, which can

provide a beam with high power density and low divergence, is

a major advantage of PEA cathodes over NEA cathodes. By using

such a laser the relatively low yield of a PEA cathode -deter-

mined by the hot electron escape depth- can simply be compen-

sated, while the polarization of the emitted electrons is only

sligthly lower than in the NEA case.
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2.2. Design and construction

Essential parts of a GaAs source are:

a) a p-doped GaAs crystal
b) means to obtain a clean GaAs surface in vacuo

c) sources of Cs and Oj

d) a light source, including optics to obtain circularly pola-

rized light of both helicities
— ft

e) a vacuum chamber maintaining a pressure in the low 310

Pa range.

In this section only points a-d will be considered. Point e

is discussed in section IV.5.

The choice of dimensions and orientation of the GaAs crys-

tal must be based on the technique that is used to obtain a

clean surface: either cleavage in vacuo (for the (110) plane

only) or heat cleaning.

Both techniques were tested. For cleavage we used crystals

of dimensions 20 x 2 x 2 mm , the small face being (110) . The

dimension of the cleavage plane was chosen as a compromise

between ease of cleaving and the suppliers ability to cut small

GaAs rods. Such a rod can be cleaved at least 10 times.

We also used (100) GaAs crystals of 5x5 xo.5 mm , the lar-

ge face being (100). These were heat-cleaned. All crystals

were supplied by MCP Electronics, Alperton Wembley, Middlesex,

England, and had a Zn-dope around 10 cm .

Crystals were mounted on a manipulator for vertical move-

ment between the first element of the electron extraction sys-

tem and the cleavage plane. At the latter position the cathode

was in line of sight with the Cs-source, mounted on the first

element of the extraction system, as needed in the activation

process.

The crystals can be cooled by a liquid nitrogen reservoir,

to which the crystal holder is connected. A BeO ring is used

for the electrical insulation between crystal holder and the

reservoir. This ring provides a relatively good thermal con-

tact.



104

Figure 4. Grooved GaAs crystal before cleavage. Left; knife; right; anvil.
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The (100) crystal was clamped to a Mo block, which could

be heated to 660°C. This is the temperature, where the evapo-

ration of Ga and As starts to destroy the surface (Goldstein

et al. 1976) , In the heat-cleaning process temperatures close

to this one have to be used to get a clean surface (Pierce

et al. 1980). This narrow temperature range suited for clea-

ning GaAs is the main disadvantage of the heat-cleaning method.

A Pt resistance (REC 2050), mounted in the Mo block at the

back of the GaAs is used to monitor its average temperature.

The (110) crystal rods were clamped in a somewhat resi-

lient beryllium copper holder, which provides good thermal con-

tact with the liquid N 2 reservoir. Copper could not be used

for the (100) holder since it diffuses into GaAs at elevated

temperatures.

We use a knife-and-anvil type cleaver (fig. 4). Connected

to the knife-manipulator is a mirror to inspect the :cleaved

surface. Both the knife-manipulator and the anvil-manipulator

were carefully designed in order to minimize radial and axial

play.

As a Cs source we used dispensers (S.A.E.S. Getters, Milano,

Italy) containing caesiumchromate, which give off atomic Cs

when resistively heated. Main advantages of such a dispenser

above a Cs oven are firstly its compactness, which makes it

possible to place it close to the GaAs, such that the rest of

the vacuum chamber stays cleaner during the caesiation pro-

cess; secondly the possibility to control the Cs yield in a

fast and easy way, even at partial pressures around 10~10 Pa,

and thirdly its overall simplicity. A disadvantage is that

long and careful outgassing is required before use. A dispen-

ser contains sufficient Cs for at least 15'activations (~5 mg) .

A precision leak valve (Vacuum Generators MD7) is used for

the O, supply. Partial O„ pressures could be controlled down
-10

to the 10 Pa range. Research grade 02 was taken from a 4

atmosphere flask, connected to the needle valve via a 10:1

expansion line.
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As a light source we used a 2 mW HeNe laser (Spectra Physics

145-02 P) , suited for obtaining emission from PEA-GaAs. Thus

a spin polarization of 35% can be expected. Since the expec-

ted quantum yield lies between 0.01 and 0.001 (Reihl et al.

1979) the laser is sufficiently large to give electron cur-

rents between 10 and 1 uA. The lower value still lies a fac-

tor of 10 above currents needed in SPLEED experiments.

The laser beam reaches the vacuum system via a laser mir-

ror, a quarter wave (A/4) plate, a second mirror, two dia-

phragms and a weak focussing lens (f = 500 mm). Approximately

85% of the initial intensity reaches the cathode in an - esti-

mated - 0.2 mm diameter spot.

The laser beam is linearly polarized. A zero order A/4 plate

is used to convert it into circularly polarized light. The A/4

plate is aligned perpendicularly to the laser beam and a A/4

plate with parallel faces Wcs selected in order to prevent a

movement of the laser beam Wî en rotating the A/4 plate. Shifts

of the focus on the cathode would lead to variations in the

electron current passing through the diaphragms in the elec-

tron-optical system. This will cause unwanted, apparently spin-

dependent, asymmetries in SPLEED experiments.

Two mirrors are used for a proper alignment of the laser

beam through the middle of tv.a source chamber. Once aligned

the beam-axis is defined by the two diaphragms, which are fix-

ed with respect to *zhe source chamber. This is especially im-

portant since the rest of the optical system, mounted on a

single bench, has to be removed when baking the vacuum system.

The angular setting of the A/4 plate can be changed by a

stepping motor. This setting is computer controlled using a

CAMAC read/write module and micro-switches, fixed at the po-

sitions that c,ive circularly polarized light.

The laser can be switched on and off by a relay driver.

This makes automatic correction for 'background' intensities

possible.
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2.3. Procedures and performance

The polarization of the laser beam was determined by measu-

ring the maximum and minimum intensities transmitted through

a rotatable linear polarizer placed between the last laser

mirror and the window of the vacuum system. Without the A/4

plate a linear polarization of 99.9% was found. With the A/4

plate inserted circular polarizations of 99.3 + 0.3% were found

using:

p _ 2 max ' Imin
circ I +1 .

max min

The error is due to the lack of accuracy in resetting the A/4

plate.

The procedure for obtaining emission from the (110) cleaved

surface is as follows: after etching the crystal for a few

minutes in a 4:1:1 H2SO4, T3.2°2'
 H2° e t c h t o r e m o v e mechanical

stress, it is mounted and aligned in its holder. Together

with a fresh Cs dispenser it is installed in the vacuum-sys-

tem, which reaches a pressure in the low 1O~8 Pa range after,

a bake-out of at least 24 hours.

Subsequently the dispenser is outgassed and the crystal is

positioned against the anvil. Using the knife a 1 mm piece of

the GaAs is cut off. Although in some cases grooves were scrib-

ed in the crystal to facilitate cleavage, we found little dif-

ference between grooved and ungrooved crystals.

It was found that a small play in the knife - and anvil

manipulators leads to improperly cleaved or even broken crys-

tals. Even when these plays were removed several cleavages

resulted in rough surfaces or cleavage along other planes.

Well-cleaved surfaces are mirror-like, although under a micros-

cope deformations can be seen, which seem to be caused by the

stress applied to the crystal during the cleavage.

Immediately after a successful cleavage the Cs is switched

on (-10 Pa) and the laser beam is focussed on the cathode.

Moreover the temperature of the GaAs is lowered by using li-

quid N2. In front of the cathode the first electron optical
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Figure 5. Schematic survey of emission behaviour during and after activation
of the aathode.
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lens element is set at approximately 100 V with respect to

the cathode and a current meter (Keithley 602) is connected

either to the cathode or to this lens element.

After a few minutes emission is observed, rapidly growing

from the observable minimum around 10 A, to several times

10 A. At this (first) maximum the surface is covered with

half a monolayer of Cs (Goldstein 1975) . A further caesiation

will cause the emission to drop. At the maximum, caesiation

is stopped and O2 is applied (~10 Pa) until the emission is

reduced by some 30%. Then caesiation is resumed, yielding a

new, higher maximum. When this caesiation/oxydation cycle is

repeated several times no further increase is observed in the

emitted current, A typical emission curve is given in fig. 5.

Final yields range from the (expected) value of 0.004 (i.e.

an emission of 4 yA) for 'good' surfaces to much less than

0.001 for irregularly cleaved surfaces. These yields are ob-

tained after a stabilization period of approximately 30 mi- '

nutes in which the current drops by 10-20%. After this period

the current is very stable, both in short term as in longer

periods. Typically the emission drops by 50% in 40 hours. By

a slight new caesiation the emission can be brought back to

its original value.

The polarization of the electrons is constant during aging

and refreshing of the cathode (e.g. Reihl et al. 1979) .

In a freshly baked system the long-term stability of the

source is smaller, due to Cs deficiency in the chamber. It

can be overcome by heating the Cs dispenser for hours at the

lowest possible level (partial pressure below 10~ 1 0 Pa) . In

this way the emission can be kept constant for undetermined

periods.

The results that we obtained on the (110) cathodes are es-

sentially equal to those of Reihl et al. (1979).

In order to obtain emission from heat-cleaned (100) GaAs

one has to start with a complicated chemical cleaning proce-

dure for the GaAs. We used the method described by Pierce et

al. (1980), in which we modified one step (etching in a H-SO..,
H2°2' H2° m i x t u r e ) ' guided by a paper of Iida and Ito (1971).
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This allowed us to perform the entire procedure in a fast way

at room temperature.

After the chemical cleaning the - shiny - crystal is instal-

led in the vacuum system within half an hour. During the sub-

sequent baking of the vacuum chamber the crystal is held at

300°C, i.e. 1OO°C above the baking temperature, in order to

prevent condensation on the surface.

Before attempts to get emission are made the crystal holder

is heated for some time to ~600°C. In this way efficient out-

gassing takes place, so that in the actual experiments the
—8pressure is back in the low 10 Pa range before activation

of the cathode starts.

It is hard to measure the temperature of the front surface

of the GaAs cathode. The Pt-resistor at the back of the GaAs

gives only a coarse indication for that temperature. It allowed

us, however, to keep temperature variations limited to a few de-

grees when the GaAs is heated to the point where Ga and As start

to evaporate congruently and above, up to the aforementioned

temperature of 660°C where preferential As evaporation starts

to destroy the surface. The onset of evaporation can be seen

on a mirror in front of the cathode, where Ga and As are de-

posited. Emission is obtained after heating to temperatures

20-40°C above this point.

In all experiments the cleaning temperature is increased

in small steps of 10-15°C. In each of these steps the crys-

tal is heated, aooled and covered with Cs in an attempt to

get emission.

Although the start of the GaAs evaporation provides a re-

ference temperature, the cleaning and activation procedure

is very time-consuming, the more so since the temperature be-

haviour is.somewhat different from one crystal to the other.

This is probably due to a differing heat contact with the Mo

crystal holder.

Apart from the time-consuming search for the correct

cleaning temperature the activation of the (100) cathode is

quite similar to the (110) cleaved surface case.

During the cooling of the crystal to room or liquid N„

temperature -which takes place within 10 to 15 minutes-
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the pressure drops rapidly to 10 Pa. Caesiation is started

at a cathode temperature around 300°C. Emission is found to

start when the cathode temperature has dropped to 100 C or

below.

After performing the Cs-0 activation procedure described

before, a yield of 0.002 is found, i.e. slightly below the

(HO) yield. In other respects the two kinds of cathode be-

have alike.

W. 3 ELECTRON OPTICS

3.1. Requirements

In LEED experiments one needs a low-energy (E< 500 eV)

electron beam with low divergence (half angle a of 0„01 rad),

small diameter (d = 1 mm) and small energy spread (AE = 0.25

eV). The numbers given are typical values.

At the lowest energies the beam-current I is limited by

space charge, e.g. to ~ 0.1 yA at 10 eV for the above beam .

parameters. At higher energies currents between a few tenths

of a pA and a few yA1 s are commonly used, although in experi-

ments on adsorbate covered surfaces one has to stay on the

lower side of this current range in order to avoid electron

stimulated desorption.

It is essential to design the optics such that the position

of the focus does not vary with scattering energy. Moreover

constant beam intensity at all energies is a desirable fea-

ture. However, in view of the limitations set by the law of

Helmholtz-Lagrange - which states that beam intensity, diame-

ter and divergence cannot simultaneously be conserved if the

electron energy of a beam changes - a beam of constant inten-

sil-.y will have an energy dependent diameter and/or divergence.

The variation of these parameters with energy must be known.

Only in systems where all but a few lens settings have to be

changed during energy scans, these requirements can be ful-

filled in a reliable and convenient way.
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SPINPOLARIZED LOW ENERGY ELECTRON

DIFFRACTION EXPERIMENT

Cs,O,

LEED/Auger system

Figure 6. Experimental set- up.

For reasons of clarity the GaAs holder^ the detector and all plane
electrodes are cut in half.
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Care must, be taken to diminish the influence of stray mag-

netic fields on the electron spin and momentum. Electrostatic

shielding problems are minimized if the scattering process

- at the W-target - takes place at ground potential. In our

case the electrons have to pass through a valve at ground po-

tential, separating source- and target chamber. It is there-

fore necessary that the electrons have their final energy at

the valve and that some unipotential transfer lens is used be-

tween valve and scattering chamber.

As stated in the introduction a 90° deflection is required

to obtain a transversely polarized beam suited for scattering

on non-magnetic materials. For the scattering on magnetic ma-

terials one requires a device that can bring the spins in the

other two independent directions without affecting the beam-

path. This can only be accomplished with the aid of combined

electric and magnetic fields, as e.g. in a Wien filter (Kessler

1976) . To avoid any influence of the Wien filter's B-field in

the target chamber and in other regions where the electrons

can have a low energy, this rotator must be placed far from

these areas. In this way one can at the same time prevent that

the final beam characteristics depend on the setting of this

- electron optically - complicated device.

Since a Wien filter acts as an electron lens, that is ac-

tive in only one of the two directions perpendicular to the

beam-pathf one needs two sets of correction lenses, that can

give focussing in each of these directions separately.

3.2. Design and construction

The relative position of the principal parts of the elec-

tron optical system (fig.6) follows from the requirements dis-

cussed in the previous section:

a) extraction stage including the cathode

b) spin-rotator (Wien filter)

c) bi-directional focussing

d) electron mirror

e) decelerating lens ('Heddle' lens in fig. 6)
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0.5 mm

Figure 7. Extraction stage.

Left: geometry, c: cathode (0 V); g: grid (V); a: anode (500 V);

d: deflectors; w: Wien filter.

Right: beam trajectories calculated using the program of Van Hoof
(1980). Electron energy at the cathode: 0.25 eV.
Horizontal magnification of 25.

cathode at correct position; V = 70 V
cathode 0.5 mm out of position; V = 74 V.

Ray 1 starts from the cathode centre at an angle of TT/2-
Rays 2 and 3 are extreme rays, starting 0.1 mm from the
cathode centre at angles of 0 and ir/2 respectively.
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f) transfer lens ('Einzel1 lens in fig. 6)

g) four double sets of electrostatic deflectors for final beam

alignment, placed respectively in front of the Wien filter,

behind the Wien filter, in the first element of the Heddle

lens and in the first element of the Einzel lens.

At the cathode an electron beam of typically 3 yA is formed

at an electron energy E of 0.25 eV, having a diameter of 0.2

mm and an opening angle Ü between IT and 2TT sr. The product of

electron energy E, cross sectional area A and opening angle

ti can be used as a measure for the electron optical quality

of a beam. Starting with a beam of quality E0
A
0^0'

 a higher

beam quality, i.e. a beam for which the product E.A.fi^ is smal-

ler, can only be obtained at the expense of loss of current

according to: I,/I = E.,A1fl1/E A fi (law of Helmholtz-Lagrange;

Sturrock 1955). From the numbers given a quality of 0.05 mm

eV sr can be calculated for the beam, emitted at the cathode

(ft = 2TT has been used throughout the calculations) .

The cathode potential is denoted by - V . Thus the scatte-

ring energy equals eV (+0.25), since scattering takes place

at ground potential.

For the extraction we make use of the Soa immersion objec-

tive (Soa 1959) , of which the properties have been studied ex-

tensively by Simpson and Kuyatt (1963) . Apart from the cathode

the extraction stage consists of a grid electrode and an anode

(fig. 7 ) .

Since the cleaved face of a GaAs rod is relatively small,

we had to use an additional 'cathode'-plate provided with a

hole for the GaAs, in order to obtain an equipotential plane

at the cathode. This plate was divided into two parts, one on

which the Cs dispenser was mounted and another on which the

photo-emitted current could be measured sensitively when the

GaAs was in its activation position.

The anode potential was fixed at 500 V with respect to the

cathode. This is a convenient energy for a further transport

of the beam, and at the same time the highest energy, desired

in the SPLEED experiment.
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Figure 8. Schematic diagram of the spin rotation device in whiah two mutually
perpendicular Wien filters are combined. Only one set of B- field
coils is drawn. The four sides of the box are insulating plates
covered with resistive material in order to create a homogeneous
electric field.

To compensate the Lorentz force caused by the indicated magnetic
field, an electrostatic field is created between planes bbcc and
aadd by -externally- connecting edges b and a to one power supply
and edges a and d to another.
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At a fixed geometry the potential applied to the grid elec-

trode controls the position of the image, which has to lie in

the entrance plane of the Wien filter. This imaging results

in a linear magnification of ~5 (to d =1 mm) and a low diver-

gence beam (half angle a ~0.35 ).

It is obvious that the behaviour of the extraction stage

depends on the position of the - movable - cathode with res-

pect to the other - fixed - lens elements. We performed lens

calculations of the charge density type - suited for non-

paraxial ray tracing in systems having cylindrical symmetry

(Van Hoof 1980) - in order to be able to use the grid potential

to correct for improper positioning of the cathode. These cal-

culations showed that, at the large image distance used, minor

corrections to the grid potential suffice to overcome the

problem.

After the extraction stage the electrons pass through a

'double' Wien filter (WF) (fig. 8). In a WF an electric (I)

and a magnetic (B) field, perpendicular to each other and to

the electron momentum, serve to change the spin direction while

maintaining the momentum. The ratio B/E must be chosen such

that the electrostatic force acting on the electrons is com-

pensated by the Lorentz-force. The absolute value of B deter-

mines the amount of spin precession.

In the 'active' direction, given by E, a parallel incoming

beam will be focussed at the WF's exit if the electron spins

precess by IT/2 (Farago 1970) . In the other direction the beam

is not influenced.

In the present set-up two WF's, combined in one device, can

yield spin precession about two independent directions. A

square cylinder box, covered with resistive material in its

interior, can provide an electric field in each of the two

required directions by applying suitable voltages to its edges.

Two mutually perpendicular sets of coils can be used to obtain

a matched B-field. For vacuum reasons each coil consists of

a single copper winding, that can be water-cooled in case high

currents are used (up to 60 A). Stray fields are reduced by

using antiparallel current inputs and outputs.
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By combining the two WF's in one device, the electron opti-

cal corrections needed become very similar for the two pos-

sible 'active' situations.

In the fieldfree region of the - unactivated - Wien filter

the beam quality deteriorates by a factor of two (to ~ 0.1
2

mm eV sr) •

In order to compensate for the astigmatic action of the

(active) WF two slit lenses are used to refocus the beam. This

focussing occurs at the exit plane of a 90° parallel plate

electron mirror (Larson and Benjamin 1968). The potential on

the middle plate of this mirror determines its focal properties,

The combined effect of slit lenses and mirror results in an

image at the exit of the mirror with a - calculated - 1.2 mm

diameter and 0.45° half angle if the WF is not used. In the

opposite case the diameter is somewhat smaller at the expense

of an increased divergence. This image is rather distorted,

due to a build up of aberrations, especially when one of the

WF's is active.

Up to the exit diaphragm of the 90° mirror all lenses have

fixed potentials with respect to the cathode and can be kept,

constant during energy scans.

The final electron energy, beam divergence, diameter and

intensity are fixed by a five element decelerating telescope

of the type described by Heddle (1971). Such a telescope gives

an energy-independent object to image distance. Final beam

diameter and -divergence are determined by diaphragms at the

entrance and in the confocal plane of the telescope respecti-

vely. Both vary with scattering energy as /500/V , where

500 eV and eV are the electron energies in the first and last

lens elements respectively.

The diaphragms were, chosen such that at a V of 50 V the

opening half angle is 0.01 and the beam diameter is 0.9 mm,

as suited for the SPLEED experiment. Due to the increasing

divergence and diameter with decreasing energy a beam of con-

stant intensity can be obtained down to energies where space

charge starts to play a role.
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2
The 'quality' EAfi of this beam is 0.01 mm eV sr, i.e. a

factor of ten better than the quality at the WF's exit. Thus

in principle only 10% of the current, emitted at the cathode,

can reach the target. This is a somewhat low estimate, since

firstly the opening angle of the beam at the cathode is pro-

bably smaller than 2TT, and secondly the intensity distribution

in the beam is not homogeneous. The diaphragms at the entrance

and in the confocal plane of the Heddle telescope intercept

the surplus current.

During energy scans the setting of the second lens element

of the Heddle telescope is performed according to lens calcu-

lations by Harting and Read (1976) and to Heddle's rules.

Prom these rules one can also obtain simple expressions for

the potentials en the third and fourth lens element in terms

of the other three potentials. For these two elements we made

use of power supplies, which follow the potentials on the

other three lens elements according to Heddle's relations. In

this way only the second potential is an independently vary-

ing one.

The last lense, between valve and target, is a simple Ein-

zel lens, which gives a 1:1 image at a fixed object to image

distance. The potential of the middle element has to be a con-

stant fraction - taken from the aforementioned calculations -

of the cathode potential (note that the other 2 elements are

at ground).

So in conclusion we end up with an electron optical sys-

tem, where only three potentials have to be varied during

energy scans, namely the cathode potential, the potential on

the second element of the Heddle lens, and'the potential on

the middle element of the Einzel lens. In our instrument this

can be done either by hand or by computer controll via DAC's

working with 12-bit precision.

In order to reduce contamination and charging problems

all lenses were made out of Mo.

The earth's magnetic field was suppressed by using three
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100 200 300 400
Vo (Volts)

500

figure 9. Transrtriaaion of the electron optical system, measured at an emis-
sion current of ~2 \iA.
Iwtet: transmitted ( ) and calculated space charge limited (—)

current at low energies.
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orthogonal sets of 'Helmholtz' coils. These were placed apart

by 1.2 times the Helmholtz distance in order to obtain opti-

mum field suppression in a large volume (Rudd and Craig 1968).

The low-energy section of the apparatus (starting from the

Heddle lens) was furthermore shielded by mu-metal.

3.3. Performance

The transmission of the electron-optical system was deter-

mined by measuring the current leaving the cathode and the

current through a 1.5 mm diaphragm, placed at the position

of the target, at various cathode potentials. Before these

measurements the current entering the Heddle lens was maxi-

mized. The Heddle and Einzel lenses were set at the theoretical

values, as discussed in the previous section. Deflectors in

these two lenses were not used, since maximum transmission

was obtained without deflection.

The overall transmission is given in fig.9. We observe

that down to 50 eV, where the (FWHM) beam diameter is 0.9 mm,

a constant transmission of 11% is found. At lower energies the

transmission drops, according to expectation, due to the increa-

sing beam diameter. The inset of fig.9 shows that -for the present

beam intensity - space charge plays a role only below 10 eV.

The transmission is close to the expected value of 10%.

With a Wien filter switched on the overall transmission im-

proves from ~11% to ~12-13% at the setting needed for a spin-

precession of TT/2 .

Between the diaphragms in the Heddle lens and the target

no current is lost.

During energy scans computer controll of the three afore-

mentioned lens voltages sufficed to keep a beam of constant

intensity over a wide range. Rotation of the X/4 plate did

not influence the intensity to more than 0.25%.

We also used the diaphragm at the position of the target

for checking the focus position of the final beam. This was

done by moving the diaphragm along the beam. In this respect,

the beam behaved as expected at all energies.
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Figure 10a. Typical behaviour of 'net current' I (i.e. the difference
between absorbed and reflected current measured on a crystals
bombarded by electrons of energy E)3 around E . (After Celotta
et al. 1981).
I is expressed in tevms of incident current I .

refer to incident electron beams with polarization +(-)!.

220

205

Figure 10b. EQ (x) and L (Q) as a function of polar angle of incidence e
on W(001) (from Celotta et al. 1981).

The squares represent our incident beam opening angle and
energy width.

Connecting lines are drawn to guide the eye only.
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Residual magnetic fields, which were zeroed around the

valve separating source and target chamber, were found to

be - 2.10"*7 T in the target chamber (measured in the scatte-

ring plane), and ~ 10~6 T near the cathode, which is the most

eccentric -and thus least compensated- part of the system.

TV.4 TARGET CHAMBER

The target chamber contains the following components:

a) target

b) detector

c) a LEED/Auger system (Riber 4-grid retarding field

analyzer) for surface analysis

d) an ion-gun (Riber CI 10) for cleaning the target by

low energy (~200 eV) noble gas ion bombardment

e) a gas inlet valve (Vacuum Generators MD6) to be used

both in cleaning the target and in experiments on

adsorbate covered surfaces

f) a quadrupole mass spectrometer (Riber SQ 63).

Not only is the target to be used in SPLEED experiments,

it is also essential for calibrating the source polarization.

The original plan was to compare our A-V curves for clean

W(001) with results of Wang et al. (1979). Since however a

seemingly simple new calibration method was recently disco-

vered (Siegmann et al. 1981) we concentrated on that method to

calibrate the source during the test-period of the apparatus.

The principle of this calibration will be discussed in sec-

tion 4.1. Sections 4.2 and 4.3 will be devoted to experimen-

tal aspects of target and detector respectively.

4.1. Spin polarization determination by measuring spin-

dependent electron absorption

The 'net-current' I , measured on a target that is hit by
CL
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an (unpolarized) electron beam, becomes zero at an electron

energy E where absorbed and 'reflected1 (i.e. the total current

leaving the surface) currents are equal.

When the incident electron beam is spin-polarized, a non-

zero I can be measured at E Q if the spin-dependent parts of

the reflected and absorbed currents do not cancel. Such a non-

zero I (E ) has indeed been found, firstly on a ferromagnetic

alloy (Siegmann et al. 1981), later also on W(001) (Celotta

et al. 1981). Fig.10a shows the typical behaviour of I&, IQ+

and I + as a function of electron energy E around E Q. Here

I +U) refers to a completely polarized incident electron beam,
EL.

having spins parallel (resp. antiparallel) to the normal of

the scattering plane.

The spin dependence of the process is characterized by the

quantity A= |E +-E + \, as defined in fig.10a. Celotta et al.

give both E and A as a function of the polar angle of inci-

dence (e) of the electron beam (fig.10b). For a typical pola-

rized electron beam conditions can be found where a large A

occurs at an angle e, where both E and A vary negligibly

over the energy and angular width of the beam (small squares

in fig.10b).

The polarization of an electron beam can be obtained as

follows: Firstly one has to measure an E (0) curve, using an

unpolarized beam. This will give the position where 6 is zero

(since E Q is symmetric in 6). Then at some suitable angle

one selects the corresponding energy E + ̂ A (= E t). At this

setting of 6 and E two net-current measurements are performed

with the beam of unknown polarization, namely at the two pos-

sible (opposite) polarization settings of this beam. The two

net currents thus obtained are denoted by ±'i and i+. Since in

both scattering processes only spin-down electrons give a non-

zero contribution to the net-current (at E + spin-up electrons

yield zero - fig. 10a) the polarization of the incident beam

is given by (it - i+)/(i++ i+) .

According to experiments of Celotta et al. the currents i

are of the order of 0.1% of the incident current, i.e, in

the rather easily accessible 10~ 1 0 A range.
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4.2. Target

As a target we use an approximately circular (d = 8 mm) W-

crystal, of which the front surface has been spark-machined

within 0.5° of the (001) plane after X-ray alignment. The crys-

tal has been polished mechanically only. In the last stage of

this polishing the diamond grain-size used is ~0.7 inn. After

ultrasonic cleaning in aceton and trichloroethylene the crys-

tal is installed in vacuo.

The target is mounted in a vertical plane - fig. 6 - on a

Vacuum Generators manipulator (HPT-RD2S-SM2-H). It can be

moved in three perpendicular directions x, y, z with a preci-

sion of 0.1 mm. Furthermore it can be rotated about its ver-

tical axis (polar angle 9:0°-360°) and about the surface nor-

mal (azimuthal angle $: -90° to +90°), with a precision of

0,25°. A 'tilt' is not possible. This would have required a

very large target holder, incompatible with other requirements

and spatial limitations. The polar angle of incidence, defined

with respect to the surface normal, is limited at large angles

(> 80°) by the crystal holder.

The positioning of the crystal can be done by laser align-

ment via two windows, making an angle of 90°. In this way it

was also found, that the tilt angle of the target in its hol-

der is less than 0.5° with respect to the scattering plane nor-

mal. For the calibration of the polar angle of incidence of the

electron beam we make use of the procedure, described in section

4.1.

The heat-cleaning needed for obtaining a clean W-surface

puts severe demands on the target holder, especially if - as

stated before - spatial limitations play a role. In principle

heating for short periods to 2300-2500 K is required, as well

as lengthy heating to 1500-1700 K in a 10~4 Pa O- atmosphere.

We use electron bombardment and radiative heating. For

this purpose a Re filament is placed"behind the crystal. The

crystal is clamped between two Ta plates, which are electri-

cally insulated from the filament holder by means of three

sapphire balls. Three Mo radiation shields are placed behind



Figure 11. W- crystal in Ta holder, heated by electron bombardment from a
filament behind the crystal*
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the filament. We can use the filament for heating the crystal

to ~1300 K, without electron bombardment. By applying a poten-

tial of 500 V between filament and target, and using a bombard-

ment current of 150 mA, the temperature is raised to 2500 K.

All temperaiures were measured using a pyrometer, calibrated

for W. Fig. 11 shows the heated crystal in its holder.

Re was found to be the only material (among W, thoriated W,

LaBc and Re) f that could withstand both the high temperature

needed to obtain electron emission efficiencies above 100 mA/

cm2, and the relatively poor vacuum conditions in the poorly

pumped space behind the target or in the 10~ Pa O 2 atmosphere.

Besides heat-cleaning we used Ar-ion bombardment (200 eV,

1 vA, 10 a 10 Pa Ar) to clean the surface, especially to

remove S. Sequences of heat-cleaning in 0- and ion bombardment

were repeated until the S-peak had disappeared from the Auger

spectra. Some C (of the order of 1% of the W-intensity) is

always left behind. After ion bombardment and between measure-

ments the crystal is always flashed to 2500 K for 10-20 seconds.

After flashing a pres:

within a few minutes.

—8After flashing a pressure in the low 10 Pa range is obtained

With a clean W crystal we examined the calibration proce-

dure, discussed in the previous section, starting with the

determination of the E (8) curve. For these measurements we

used the commercial Leed/Auger gun. Experiments performed at

room temperature gave an E curve, symmetric in 6, with

EQ=266 eV at normal incidence, i.e. a value approximately

60 eV above that of Celotta et al. If their first three data-

points are shifted upwards by 60 eV, however, they fit our

curve (fig.12).

This deviation suggests a strong dependence of E on tar-

get temperature, since the data of Celotta et al. were taken

between 500 and 650 K. We tested this by measuring E , at

fixed e, during the cooling of the crystal from 2500 K to room

temperature. A larger E Q was found at higher temperatures,

thus increasing the difference between the present results and

those of Celotta et al.

These measurements proved that one cannot use the zero-

currant method in its present form for the calibration.



128

285

-10°

Figure 18. Eo as a function of polar angle 8 around normal incidence.

this work. Error bars stand for the difference in two
resultsj one obtained in going from negative to positive
angles * the other on the way back,
points of Celotta et al. shifted by +60 eV.



129

Moreover - if at all possible - to our opinion the calibration

is more complicated than expected, since it is apparently

necessary to control the temperature of the crystal within a

few degrees (at a temperature above 450 K, where the W surface

reconstructs) .

This was concluded from a comparison of the measured time-

dependent change in E Q (after flashing to 2500 K) with the

cooling rate characteristic of the crystal -as obtained from

model calculations. Our conclusion, with wide error margin in

view of the crudeness of such models, is that the average va-

lue of AE /AT is +0.2 ±0.1 eV/K in the temperature range be-

tween ~650 and ~400 K. This implies that temperature control

within a few K is needed to keep the temperature drift of E

comparable to other error sources in the calibration procedure

(as energy width of the incoming beam) .

Finally a few notes must be made about the use of the W

crystal as a spin detector: firstly at e = 14°, the angle that

Celotta et al. favour for the calibration, we found a slope

in the I /I versus E curve -compare fig.10a- of 0.0024 ev"1,
a P _i

i.e. comparable to their value (0.002 eV ).

Secondly we observed that E is also a function of the azi-

muthal angle of incidence on the target. Celotta et al. do

not mention this effect. Probably their experiments were per-

formed in the <010> azimuth.

Thirdly, other literature values for the energy, where the

secondary electron emission yield is unity, i.e. for E , lie

around 250 V (normal incidence - CRC Handbook 1979/1980), i.e.

rather close to the present value.

4.3. Detector

The principal aims of a TPLEED experiment are the deter-

mination of (relative) intensities- of the elastic part of dif-

fracted electron beams and the determination of the asymmetry

in this intensity caused by the reversal of the incident beam

polarization.
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Figure 13. Deteotor for diffracted electrons with retarding grids for energy
analysis (dimensions in rm).
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As a detector a device is used, containing three grids,

needed to suppress inelastically scattered electrons, and a

channeltron (fig- 13) .

1'his detector can be rotated around the target in the hori-

zontal plane determined by primary electron beam and target

surface normal (scattering plane - fig. 6). Its angular range

is limited between +160° and -5° with respect to the primary

beam axis, i.e. approximately one half of the scattering plane

is covered. For measurements around the primary beam direction

the Leed/Auger system is retracted.

The opening angle of the grid system, as seen from the cen-

tre of the scattering plane, is + 3°, as needed at the lowest

scattering energies. In order to reduce the acceptance of stray

electrons the diaphragms holding grids 2 and 3 are minimized

such that beams coming from the scattering centre are just

transmitted if one grid is used for retardation and the other

is at ground potential. The first grid is always used at ground

potential to shield the scattering region.

A retardation curve and an angular transmission curve are

given in fig. 14. These curves were taken using the commercial

LEED gun at a very low current (< 10 A ) .

The energy resolution (fig.14a) is found to be 2.5%, suf-

ficient for LEED. At the expense of 90% loss of intensity it

can be increased to 1% by using both grids (2 and 3) for re-

tardation.

The width of the angular transmission profile (FWHM ~7.5°)

is the combined effect of the detector and the electron beam

dimensions.

As can be seen from fig. 14 the background intensity is

extremely low. In these measurements it was determined by the

noise of the channeltron, i.e. a few counts per second.

In most of the actual experiments the channeltron entrance

will be used as a faraday cup for measuring currents direct-

ly, since the intensity of LEED beams will readily saturate

the channeltron. Leakage currents limit the use of the chan-

neltron as a faraday cup below the 10~ 1 3 A range.

Since the intensity of the primary electron beam can easi-

ly be lowered by several orders of magnitude, namely by in-
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Figure 14a. Intensity,, measured on ahanneltron, as a function of the retarding
voltage on grid 2. Grids 1 and 3 are grounded. Primary energy 186 eV.
Channeltron entrance at +3J5 V.
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serting absorption filters in the HeNe laser beam, a relati-

vely large overlap in the dynamic ranges of 'faraday cup' and

channeltron can be obtained.

In both 'modes' a computer-controlled counter is available

to record intensities. When measuring currents on the channel-

tron, electronic conversion into a proportional pulse rate is

applied. This electronic conversion limits automatic data

acquisition using the faraday cup to currents between 10

and lO"11 A. This is another reason for having a channeltron

to extend the current range.

IS..5 VACUUM SYSTEM

Source chamber (I) and scattering chamber (II) are comple-

tely independent from the vacuum point of view. Apart from

being convenient such a separation is required when adsorbates

are introduced on the SPLEED target, since the GaAs cathode

has to remain undisturbed.

The conductance of the section connecting I and II is de-

termined essentially by the two diaphragms (of 0.5 and 1 mm

diameter respectively) in the Heddle lens, and is estimated
—5 3 —5

to be 10 m /s. A pressure - in II - in the 10 Pa range

does not influence the pressure in I above our observation

limit (10~ Pa). During heat-cleaning of the W-crystal in a
—410 Pa O2 atmosphere the straight-through valve separating

I and II has to be closed since the GaAs cathode is extremely

sensitive to 02-

Before and during baking of the vacuum system each chamber

is pumped by a 100 1/s turbomolecular pump (Balzers TPU 100).

After bakeout only two Ti sublimation pumps and one 200 1/s

ion-getter pump (Riber - in II) are used. In I the LN2 reser-

voir, to which the GaAs-holder is connected, can be used for

pumping after the preparation of a good cathode.
Final pressures, reached 24 hours after bakeout, are
—8 —9

10 Pa in I and 5.10 Pa in II. After gas inlet to the
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10~2 Pa range - as needed for Ar-ion bombardment of the W crys-
Q

tal - the pressure in II returns to the low 10 Pa range with-

in 5 min.

During bakeout all filaments are switched on. Both the

(heat-cleanad) GaAs-crystal and the W-crystal are thus kept

above the bakeout temperature (200°C) to avoid condensation on

these surfaces. The ultimate degassing of, and due to, hot

filaments is also reduced.

In II a quadrupole mass analyzer can be used for residual

gas analysis and for checking the purity of gasses used as ad-

sorbates.

. 6 CONCLUSIONS

Once activated, the PEA-GaAs spin polarized electron sour-

ce operates according to expectation (section 2.3) : typical

quantum yields of 0.002-0.004 (currents of 2-4 yA) can be ob-

tained, which show good short-term stability and decay with a

halflife of 40 hours. The polarization of the source is expec-

ted to be 35% (2.1), a number that could not yet be verified

due to our failure in reproducing a recent calibration expe-

riment (4.2) .

As regards the two methods that have been investigated

(2.2-3) to obtain a clean surface of the GaAs crystal - clea-

vage in vacuo of the (110) surface and heat cleaning of the

(1Ü0) surface respectively - we can state the following. The

cleavage procedure, which was tested - and improved - most

thoroughly, is still risky. Of all cleavages 40% produces a

really flat (110) surface. However another 20% results in

breaking the crystal, which requires opening the vacuum system.

On the other hand heat-cleaning is rather time consuming, sin-

ce one has no direct control over the temperature of the crys-

tal surface that is to be cleaned.

The electron optical quality of the beam is fully consis-

tent with our design goals (3.1-2-3) . We have obtained a con-
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stant transmission at z.'fttering energies between 500 and

~50 eV, at the expense of a slight but well-known energy de-

pendence of beam diameter - and divergence (3.3). Below 50

eV the transmission decreases gradually, partly due to space

charge. Beani diameter and image position behaved as expected

(3.3) .

Intensities up to 0.4 ]iA are obtained at the target, i.e.

sufficient for SPLEED experiments (3.1). When the A/4 plate,

used to reverse the beam-polarization, is rotated, the inten-

sity stays constant within 0.25%, i.e. asymmetries down to

0.003 can be measured reliably (3.3). In calculating this num-

ber we have already taken into account the incomplete polari-

zation of the primary electron beam.

We found that heat-cleaning of the W crystal by electron

bombardment from a Re filament is reliable and convenient with-

out demanding too much - unavailable - space (4.2) .

The use of the target as a 'simple' spin detector (4.1) -as

proposed by Celotta et ai. (1981) - met severe problems: apart

from a deviation between our and their result for E (8) (4.2),

a parameter of primary importance in the calibration, we ob-

served a temperature dependence of E , which to our opinion

makes the data of Celotta et al. - taken in a wide temperature

range - questionable.

A thorough study of this temperature effect -by using an

electron beam with a known spinpolarization - is needed before

a detector of this type can be used properly and reliably.

Thus the calibration of the source has to await definitive

measurements, going beyond the scope of this work.

The detector for measuring the intensity of LEED beams was

found to work as expected (4.3): an energy resolution of 2.5%

(at the expense of 90% intensity loss: 1%); an angular reso-

lation of + 3% as needed in LEED; and low background currents
—13

(10 A for direct current measurements on a faraday cup;

a few pulses per second using a channeltron).
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Finally the vacuum system (5) proved capable of maintaining

pressures around and below 10 Pa. The source is not influen-

ced by the presence of gasses (e.g. used as adsorbates) in the

target chamber, up to pressures around 10 Pa. Above such

pressures especially O„ was found to cause trouble, since it

destroys the GaAs cathode.
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SUMMARY

Electron spin polarization is a modern parameter in relatively

old areas of research like electron-atom scattering and electron

diffraction from crystal surfaces. The importance of spin for

studying such processes is most pronounced at low energies.

Two reasons can be given:

Firstly at lower energies the theoretical description becomes

increasingly complicated, since many-electron effects like ex-

change and atomic distortion start to play an important role.

It turns out that spin polarization, since it arises from inter-

ference between scattering amplitudes, is especially sensitive

to the details of the theoretical description (1.2).

Secondly experiments are more difficult, since at low energies

several variables show a strong energy- and angular dependence,

and since slow electrons are to a larger extent disturbed by

residual fields. Such fields are of importance especially in

'absolute' measurements, like the determination of scattered

intensities, but their influence is much less in difference

measurements, like the determination of spin polarization (1.2;

IV.1).

In chapter II elastic scattering of 10-50 eV electrons from

Ar and Kr in the angular range between 40° and 110° is studied.

Noble gasses have been chosen as targets in view of their relative

theoretical simplicity. It turns out that below 25 eV scattered

intensities measured by various authors exhibit severe disagree-

ments. Thus they are not well-suited to test scattering models.

On the other hand we find that -in the entire energy range- our

spin polarization results can reasonably well be used to point

out the shortcomings of the available theoretical data.

The measurements of chapter III show yet another aspect of

spin polarization analysis, namely the possibility of obtaining
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information that is inaccessible when considering the more classic

variables only. Main topic of that chapter is the first attempt to

determine the magnitude of a polarization phenomenon -in elastic

electron scattering from the optically active camphor molecule-

of which the existence has recently been predicted qualitatively

from the absence of parity symmetry in such molecules.

Even after the improvement of our measuring procedures, such

that polarizations down to 0.5% could be measured, we could only

give an upper limit for the effect. The development of spin polari-

zation due to such a 'parity violation' could provide a key to

the solution of a 130-year old puzzle concerning the dissymmetry

in optically active organic molecules as it is found in the ter-

restrial biosphere (see also 1.3.2).

Besides these studies on gaseous targets we initiated a scat-

tering experiment on crystal surfaces, using spin polarized

electrons.

Such experiments can provide information about e.g. surface

geometry, -electronic structure and -magnetism. Adsorption

phenomena can also be studied, especially by comparing the spin

polarization of electrons scattered from adsorbate covered sur-

faces with polarization data obtained in the gas phase studies..

Within the framework of this project a large new experimental

arrangement has been built up. It consists of a spin polarized

electron source and a LEED scattering chamber. Design, construc-

tion and test results, showing the usefulness of the set-up, are

described in the last chapter.
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SAMENVATTING

Electronen spin polarisatie is een moderne parameter in relatief

oude onderzoek gebieden als electron-atoom verstrooiing en electro-

nen diffractie aan kristal oppervlakken. Het belang van de spin bij

het bestuderen van dergelijke botsingsprocessen is vooral groot bij

lage energieën.

Daarvoor zijn twee redenen te noemen;

In de eerste plaats wordt.de theoretische beschrijving bij lagere

energieën steeds ingewikkelder, omdat meer-electron effecten, zoals

'exchange' en atomaire polarisatie, een belangrijke rol gaan spelen.

Omdat spin polarisatie voortkomt uit interferentie van strooiampli-

tuden is deze parameter juist erg gevoelig voor details van de theo-

retische beschrijving (1.2).

In de tweede plaats worden de experimenten gecompliceerder door

de sterke energie- en hoekafhankelijkheid van diverse relevante

grootheden en door de grotere gevoeligheid van langzame electronen

voor strooivelden. Dergelijke velden hebben vooral invloed bij

absolute metingen, zoals de meting van differentiële botsingsdoor-

sneden, maar relatief weinig bij verschilmetingen, zoals de meting

van spinpolarisaties (I.2;IV.l)

Het werk beschreven in hoofdstuk II betreft elastische verstrooi-

ing van 10-50 eV electronen over hoeken tussen 40° en 110° aan de

relatief eenvoudig te beschrijven edelgasatomen Ar en Kr. Uit dat

hoofdstuk blijkt, dat bij energieën beneden 25 eV de strooi- inten-

siteiten, gemeten door diverse auteurs, onderling grote verschillen

vertonen en derhalve weinig geschikt zijn om theorieën te testen.

Daarentegen blijken in het gehele energiegebied de door ons

gemeten spin polarisaties relatief goed bruikbaar om de tekort-

komingen van de beschikbare theoretische gegevens aan te geven.

De metingen in hoofdstuk III laten een ander aspect zien van de

analyse van electronenspin, te weten de mogelijkheid om informatie

te verkrijgen, die met de meer klassieke variabelen onbereikbaar is.

In dat hoofdstuk gaat het om de eerste poging om een onlangs

voorspeld polarisatie verschijnsel te meten in elastische verstrooi-
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ing aan het optisch actieve molecuul camphor. Dat verschijnsel

wordt veroorzaakt door het ontbreken van pariteitssyiranetrie in

dergelijke moleculen. Op symmetriegronden kan slechts aangetoond

worden dat polarisatie optreedt; over de grootte van het effect is

nog niets bekend.

Wij konden, ondanks een zodanige verfijning van de meetmethode,

dat polarisaties van 0.5% gemeten konden worden, slechts een boven-

grens aangeven.

Het optreden van spin polarisatie in zulke experimenten zou een

sleutel kunnen vormen voor de oplossing van een 130 jaar oude

puzzle betreffende het ontbreken van symmetrie in het voorkomen

van optisch actieve moleculen in levende materie (zie ook 1.3.2).

Naast werk aan gassen is een aanzet gegeven tot verstrooiings-

experimenten aan kristal oppervlakken, gebruik makend van spin-

gepolariseerde electronen.

Zulke experimenten kunnen nieuwe informatie verschaffen over

b.v. oppervlakte geometrie, -electronische structuur en -magnetisme.

Ook kan de binding van adsorbaten bestudeerd worden, en wel door

vergelijking van de polarisatie van electronen, verstrooid aan een

met adsorbaten bedekt oppervlak, met resultaten verkregen in het

gasfase vjerk.

In het kader van dit project is een omvangrijke nieuwe meetop-

stelling gereed gekomen, bestaande uit een efficiënte spingepola-

riseerde electronen bron en een LEED strooi kamer. Ontwerp, bouw

en testresultaten, die de bruikbaarheid van de opstelling aanto-

nen, worden in het laatste hoofdstuk beschreven.
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STELLINGEN

1. Kruit et al. meten een relatief grote waarschijnlijkheid van extra-foton
absorptie in het 11-foton ionisatiecontinuum van Xe, terwijl de totale
foto-ionisatiedoorsnede volgens experimenten van Lompre et al. een lle

orde afhankelijkheid van de lichtintensiteit vertoont. Deze bevindingen
zijn slechts met elkaar in overeenstemming indien extra-foton absorptie
nagenoeg geheel plaatsvindt vanuit ds 'energie-conserverende' 11-foton
tusaentoeetand in het continuum.

P. Kruit, J. Kimman en M.J. Van der Wiel, 1981 J. Phys. B: Atom. Molec.
Phys. \±, L597

L.A. Lompre, G. Mainfray, C. Manus en J. Thebault, 1977 Phys. Rev. A15,
1604

2. Bij de analyse van covalente ionenpaarvorming en -reneutralisatie in bot- J
singen tussen K en 02 gaat Farlant uit van een reeks diabatische overgangen. '
Dit is bij de relevante grote botsingsparameters niet toegestaan, daar de
grote koppelingsbreedte het definiëren van afzonderlijke diabatische over-
gangen onmogelijk maakt.

G. Parlant, 1982 proefschrift Paris-Sud (Orsay)

3. Uit het onbevolkt zijn van het v=l vibratieniveau van SH, gevormd bij foto-
dissociatie van H2S bij 193 nm, concluderen Hawkins en Houston, dat het dis-
sociatieproces verklaard kan worden met het 'quasi-diatomic' model, waarin
de S-H afstand bij de dissociatie constant blijft. Zij gaan daarmee voorbij
aan het bestaan van een tussentoestand, die aanleiding geeft tot bevolking
yau vibratieniveaux boven v"l.

W.G. Hawkins en P.L. Houston, 1980 J. Chem. Phys. 23, 297

A.E. De Vries, 1982 Comments At. Mol. Phys. JJ_, 157

4. Ter wille van een verhoogde efficiëntie van H-»H conversie aan metaalopper-
vlakken verdient het aanbeveling gebruik te maken van eenkristallen.

K. Wiesemann, 1977 Proc. of the Symp. on the production and neutralization ;•;
of negative ions and beams, Brookhaven, p. 97 .:

K.N. Leung en K.W. Ehlers, 1980 Proc. of the 2nd Symp. on the production 4!
and neutralization of negative ions and beams, Brookhaven, p. 65 ƒ,'*

P.J.M. Van Bommel en J.C.C. Geerlings, wordt gepubliceerd •.,'

5. Bij de interactie tussen dunne metaallagen en Si oppervlakken speelt niet .V.
alleen de bandstructuux van de me taal laag een rol -zoals voorgesteld door .P>
Hi rak i- maar ook de vonuingswarmte van het silicidc.. :%,

A. Hiraki, 1980 J. Electrochem. Soc. UJ_, 2662

6. Bij het reinigen van vastestof oppervlakken wordt gewoonlijk alleen de hoe- ;
veelheid resterende verontreiniging vastgesteld. Met name bij electron- en
foton-gestimuleerde desorptie metingen is het echtur essentieel bovendien \:.
de bindingstoestand van de verontreinigingen en de ruwheid van het oppervlak [ ,
te kennen.

M.L. Knotek en P.J. Feibelman, 1978 Phys. Rev. Lett. 40, 964 '•

J. Verhoeven ea Wang Whin-Hao, wordt gepubliceerd



7. Bij electronenverstrooiing aan moleculen zonder pariteitssymmetrie kan spin-
polarisatie optreden ten gevolge van interferentie van de 'parity-violating'
strooi-amplitude net zowel de 'directe' als de 'spin-flip' strooi-amplitude.
Kessler beweert ten onrechte, dat deze beide interferenties onafhankelijk
optreden.

J. Kessler, 1982 J. Phys. B: Atom. Holec. Fhys. J£ in de pers

Dit proefschrift, hoofdstuk III

8. Bij het bepalen van spinpolarisaties net de 'zero-current' methode dient de
temperatuur van het detectoroppervlak nauwkeurig bekend te zijn.

R.J. Celotta, D.T. Fierce, H.C. Siegmann en J. Unguris, 1981 Appl. Fhys.
Lett. 38, 577

Dit proefschrift, hoofdstuk IV

9. In de beschrijving van de transmissie van electronenoptiek, zoals gebruikt
in o.ra. LEED en SFLEED experimenten, wordt door diverse auteurs ten onrechte
het effect van de (stroom begrenzende) energie-instellens buiten beschouwing
gelaten.

D.T. Pierce, R.J, Celotta, G.C. Wang, W.N. Unertl, A. Galejs, C E . Kuyatt
en S.R. Mielczarek, 1980 Rev. Sci. Instr. 5J[, 478

B. Reihl, 1980 proefschrift ETH Zurich

Dit proefschrift, hoofdstuk IV

10. Bij de aanschaf van geluidsapparatuur voor gebruik in een auto dient men in
overweging te nemen, dat de meeste kilometers afgelegd worden met een achter-
grondgeluidsniveau boven 70 dB(A).

11. De mededeling "het zit in de computer" wordt ten onrechte gebruikt als excuus
voor vertragingen.

M.J.M. Beerlage 2 juni 1982


