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The concept of spin polarized electron 
beams goes back to the discovery of the 
electron spin by Goudsmith and Uhlenbeck 
in 1925. There are two kinds of electron as 
soon as a direction is specified : those with 
spin up and those with spin down. If n ↑ (↓) 
is the number of up (down) spin electrons, 
the degree P of polarization along this 
direction is given by

P = (n↑ — n↓)l(n↑ + n↓).
In 1956, Lee and Yang stimulated a 

general interest in the field by discovering 
that the newly born electrons emerging 
from a nucleus in (3-decay were preferen­
tially of one kind. However, the natural spin 
polarized electron beams from a radioactive 
source are so weak and electron-optically 
of such inferior quality that it is very hard to 
perform any experiments with them. At 
first, it seemed that free spin polarized elec­
trons were an elusive rarity. Twenty five 
years later, it is obvious that this is not true 
at all. Spin polarization of electrons is quite 
hard to avoid, since it occurs whenever the 
spin orbit, exchange, or weak interaction 
comes into play.

Producing a Beam of Spin Polarized 
Electrons

For most purposes, it is best to start with 
the discovery of G. Lampel in 1967 that 
electrons excited across the bandgap of a 
semiconductor with circulary polarized 
light may be spin polarized. This is due to 
the selection rules in optical absorption. If 
right circularly polarized light is absorbed 
by any system, be it an atom or a crystal, 
the angular momentum of the system must 
change by h in the direction of the light 
beam. The highest occupied state in the 
semiconductor GaAs is an As-derived 
4p3/2-state, and the lowest unoccupied 
state a Ga-derived 4s-state. With circularly 
polarized light of an energy of 1.5 eV, one 
can induce transitions between these 
states that lead to an electron spin polariza­
tion of 50% at the bottom of the conduc­
tion bands. If the vacuum level is below the 
bottom of the conduction bands (a condi­
tion which is called negative electron affini­
ty), the electrons can escape into vacuum, 
and an electron beam can be formed with 
suitable electron optical elements. The 
photocurrent leaving the GaAs cathode 
depends on the intensity of the exciting 
radiation at 1.5 eV; 20 µA/mW are readily 
obtained.

The intensity of the electron beam is 
space charge limited just as in ordinary 
electron guns. However, the beam may be 
twice as monochromatic as a beam from a 
hot filament gun. A strong advantage oc­
curs also in pulsed operation, since the ex­

citing radiation can be a pulsed laser. 
Although most researchers have reported a 
polarization of the electron beam ranging 
from 30 to 40%, with Be-doped GaAs 
grown by molecular epitaxy, it is possible 
to reach the theoretical value of 50% in ad­
dition to a very good lifetime. The most im­
portant feature for the study of spin depen­
dent interactions is the reversibility of P 
without affecting other characteristics of 
the electron beam, by simply switching the 
light from right to left circularly polarized. 
With lock-in-techniques, one can then 
study spin dependent interactions down to 
a level of 10-5. This feature made it possi­
ble, for instance, to prove at Stanford in 
1978 that parity is violated in electron pro­
ton scattering.

Measuring Spin Polarization of an Elec­
tron Beam

The spin polarization may be measured 
by differential scattering of electrons on 
heavy atoms. One determines the intensity 
of electrons scattered from a target at a 
given energy into two symmetrical solid 
angles to the right and to the left of the 
target. Owing to spin orbit coupling, the 
spin-up electrons are preferentially scat­
tered to the right and the spin down to the 
left. The preferential direction, along which 
P is measured, is the direction perpen­
dicular to the scattering plane. However, 
the fraction of the incident electron beam 
that scatters into these solid angles is 
typically less than 10-3 and, even for a fully 
polarized electron beam, the normalized 
difference between the right and the left 
channel is <0.3. The poor efficiency of 
<10-3 and the low analyzing power of 
<0.3 in addition to the high cost of 
angular- and energy selective electron 
counting techniques have hindered, thus 
far, a wide application and use of the spin

degree of freedom in sience and technolo­
gy. Nevertheless, much simpler and more 
effective schemes have started to come up 
recently: for instance, diffuse electron 
scattering on a polycrystalline target at 
convenient electron energies of 100 eV pro­
vides a very efficient and a much simpler 
way of measuring P.

Suppose that the electron beam under 
investigation is at an energy of 100 eV 
and hits a polycrystalline target, typically 
gold, at an angle of ~ 45° with the surface 
normal. At these low energies, most of the 
elastic electrons are scattered by the first 
atomic layer. The spin up electrons are 
preferentially scattered to the right, where 
we have vacuum, and consequently their 
intensity is can be detected by measuring 
the current flowing to a collector shell. The 
spin down electrons are preferentially scat­
tered to the left, that is into the target, and 
it is very likely that they will loose energy by 
plasmon and electron hole pair production, 
and be absorbed. Hence their intensity can 
be measured by connecting a meter to the 
target and observing the absorbed current 
ia. However, there is a large spin indepen­
dent background in both is and ia from 
various causes, such as multiple scattering 
and production of secondary electrons.

The simplest way to eliminate completely 
this background is to let the electron beam 
impinge at an energy Eo at which ia = 0 for 
a beam with P = 0. Eo is the energy at 
which the current of absorbed primaries is 
exactly compensated by the current of 
elastically and inelastically scattered 
primaries and secondaries leaving the sam­
ple. Two such energies are known to exist 
with target materials having a high yield of 
secondary electrons. This is the principle of 
a bridge circuit. Due to the spin depen­
dence of the various scattering processes 
involved, the equilibrium of the bridge is 
offset when the beam is spin polarized. We 
then have P = const ia (Eo), and one deter­
mines P simply by measuring ia (Eo).

Another more general way to compen­
sate the spin independent background of ia
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and/or is which functions at any energy of 
the electron beam is depicted in Fig. 1. The 
target is a prism or a truncated cone, and 
by applying a voltage to the condenser, the 
incident electron beam can be made to hit 
either the right or the left side of the prism. 
The spin independent part of i does not 
change on switching the beam, whereas 
the spin dependent part changes in phase 
with the polarity of the voltage applied to 
the condenser as soon as P 0. With an 
alternating polarity, ia will contain an AC 
component proportional to P, which may 
be extracted by lock-in-techniques with 
high accuracy. This absorbed current spin 
detector has an effective analyzing power 
of unity and, depending on the target 
material, an efficiency of up to 10-1 which it 
is expected will be further improved. It is 
also conceivable that other schemes based 
on detecting the luminescence produced 
by the impact of polarized electrons will 
prove to be useful in the future.
Spin Selective Scattering on Electrons 
on Magnetic Atoms

The electron-hydrogen is the most fun­
damental of all electron-atom collision pro­
blems. Mathematically, it requires a solu­
tion to a three body problem. Groups at 
Yale University and at Bielefeld1) scattered
Fig. 2 — The spin dependence S of electrons 
scattered elastically from the ferromagnetic 
glass Fe40Ni40B20 vs. electron energy. The spin 
polarized electron beam from a GaAs-gun was 
incident normal to the surface, and the intensity 
i + (i—) of electrons scattered elastically into a 
cone centred at 14° from the surface normal was 
measured for P parallel (antiparallel) to the 
magnetization (from Ref. 2).

a spin polarized electron beam on a spin 
polarized hydrogen beam and their findings 
showed that even this simplest possible 
case is still hard to handle theoretically. If 
one now takes an atom of iron and asks the 
question how the scattering of an electron 
depends on the relative orientation of the 
atomic moment and the electron spin, one 
is prepared for surprises and difficulties. 
Yet this scattering is basic to the under­
standing of metallic magnetism and many 
other practical problems. D.T. Pierce and 
coworkers2) have shown that one can at 
least handle it experimentally.

In practice, free Fe atoms are not the 
most interesting as they are quite different 
from the Fe cores carrying the magnetic 
moment in a metal. The problem amounts 
to finding a way to avoid the effects of dif­
fraction and multiple scattering that nor­
mally play a dominant rôle in the scattering 
of electrons from atoms in crystalline 
solids. A further worry is the stray magne­
tic fields that are generated by the magneti­
zation produced on aligning the Fe atoms.

Most objectives can be achieved by us­
ing as scatterer a ferromagnetic metallic 
glass which will have the structure of a li­
quid, i.e. the crystal diffraction will be 
negligible. Also, multiple scattering of elec­
trons will contribute less than 30% to the 
intensity in the backward scattering direc­
tion. This arises because the singly back- 
scattered electrons have the shortest path 
within the metal and hence are least atte­
nuated by plasmon and electron-hole pair 
production. Finally, due to the lack of 
crystalline anisotropy in a liquid, the exter­
nal field required to induce magnetic satu­
ration is very low. This in turn leads to low 
magnetic stray fields outside the sample 
such that even very low energy electrons of 
2 eV are hardly deflected at all.

The intensity of electrons back-scattered 
from a metallic ferromagnetic glass is given 
by i± = λ± σ±, where λ+ (λ- ) is the mean 
free path and σ+ (σ- ) the "atomic scatter­
ing cross-section for an electron with spin 
parallel (antiparallel) to the majority spin 
direction in the solid. The spin dependence 
of the elastic scattering defined as S = 
(i+ —i- )/ (i+ +i- ) is shown in Fig. 2 for a

Fig. 1 — A possible version of the absorbed cur­
rent spin detector. A meter is connected to the 
target hit by the electron beam under investiga­
tion which allows the absorbed current ia to be 
measured. The target is a prism, and by applying 
an AC voltage to the condenser, the electron 
beam hits alternately the right and left side of the 
prism, thereby creating a change of sign of the 
spin dependent part of ia. This AC fraction of ia is 
proportional to the spin polarization P and may 
be extracted from the spin independent back­
ground with lock-in-techniques. An analogous 
technique may be applied to measure the spin 
dependent part of the diffusely scattered current 
is reaching the collector shell encircling the 
target.

Fe40 Ni40B20 glass, for incident electron 
energies ranging from 2 - 300 eV. We see 
that S is quite small, of the order of 10-2, 
yet this can easily be measured by using 
the spin modulated beam from a GaAs 
source. We also see interesting structure 
and changes of sign.

Flow can this be understood ? J.S. 
Helman, R. Feder, Sheng Wei Wang and 
very recently R.K. Nesbet have proposed 
theoretical models to understand the 
observations displayed in Fig. 2 and 
whereas it is not yet decided which ap­
proach is best, it is obvious already that 
such studies will greatly contribute to the 
understanding of magnetism in metals.

Meanwhile one can use spin selective 
electron scattering to investigate surface 
magnetism. S is, in fact, a measure of the 
average surface magnetization Ms* in a 
sheet, of thickness corresponding to the 
probing depth of the electrons. For exam­
ple, electrons which scatter in Ni at an 
energy of 90 eV have a mean free path for 
inelastic scattering of 5 A. Thus, the prob­
ing depth is 2.5 A corresponding to travel, 
on the average, of 1/2 x 5 A into and out 
of the sample, which is about 1.5 atomic 
layers.

From symmetry we know that S must be 
proportional to an odd power of Ms*, i.e.

When there is only single scattering, we 
have S = αMs* at all temperatures. This ap­
plies to electrons back-scattered from 
Ni40Fe40B20, and one can now study the 
temperature dependence of the surface 
magnetization. We see from Fig. 3, that the 
surface magnetization decreases about 
three times as fast, but with the same T3/2 
law as the bulk magnetization. This is due 
to special magnons excited at the surface 
and was predicted by D.C. Mills and A.A. 
Maradudin 15 years ago, but could never 
be unambiguously verified by conventional 
techniques as the disturbance is confined 
to the very first layers.

In a single crystal, the electrons are dif­
fracted and multiply scattered, and it is not 
clear how S is related to Ms*. Flowever, as 
Ms* → 0 as T → Tc, the higher orders of Ms 
can be neglected, and we have again S =
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Fig. 3 — The temperature dependence of the 
bulk (MB) and surface (Ms) magnetization with a 
ferromagnetic metallic glass (from Ref. 2). Ms 
was obtained from the spin dependence S of the 
elastic electron scattering at an energy of 90 eV. 
MB was measured with a moving sample 
magnetometer.

α Ms*. As a result, magnetic single crystals 
have been used by S.F. Alvarado, M. Cam- 
pagna, and H. Hopster3) to measure Ms 
close to Tc where short wavelength 
magnons prevail. Fig. 4 shows the results 
obtained with a (110) surface of Ni where 
the electron energy was chosen to be 49 eV 
to ensure the highest possible surface sen­
sitivity. We see that Ms* obtained from spin 
selective electron scattering decreases 
much more slowly as we approach Tc than 
the bulk magnetization as measured by 
scattering of neutrons.

This is the first study of the magnetic 
critical behaviour of a well characterized 
free surface. It was found that the surface 
magnetization decreases with the critical 
exponent β1 = 0.79 ± 0.02 for 0.002 ≤
T/Tc ≤ 0.1. Similar data for a (100) surface 
indicate β1 = 0.81 ± 0.02. Experimental 
results on the critical behaviour of semi­
infinite and true two-dimensional systems 
are a subject of great current interest, and 
will be essential to check on the numerous 
theoretical models.

Fig. 4 — The temperature dependence of the 
magnetization in Ni as determined by scattering 
of neutrons, and by the spin dependence S of 
the elastic scattering of electrons at 49 eV from 
a Ni (110) surface (by courtesy of Maurice 
Campagna).

Experiments with Polarized Electrons
There are many more experiments that 

can be performed with polarized electrons. 
In the above example of spin selective elec­
tron scattering, a spin polarized electron 
source is needed, but no detector for spin 
polarization. In a second class of experi­
ment, only the detector is needed, but no 
source. Great contributions to the under­
standing of electron states in atoms have 
been made through this type of experi­
ment4) which includes photoemission of 
electrons from magnetized materials. Here 
the electrons are polarized in the solid by 
the exchange interaction and/or by an ex­
ternal magnetic field. In most cases, the 
spin is conserved in the process of photo­
emission, and hence the degree of spin 
polarization P of the photoelectrons excited 
with monochromatic light and measured at 
various kinetic energies and angles of emis­
sion, yields a unique picture of the energy 
distribution of the magnetization. This is 
how the important many-body effects in 
understanding itinerant magnetism in Ni 
were quantitatively ascertained.

One of the unique features of photoemis­
sion is the possibility it offers of selecting 
the electron states that one wants to study, 
e.g. by choosing an appropriate photon 
energy. This led for instance, to the 
decomposition of the total magnetization 
into parts contributed by the 5f- and the 
6d-states in the uranium compounds. An­
other example of an interesting application 
of spin polarized photoemission is surface 
magnetochemistry. Fig. 5 displays measu­
rements on a chromium (100) surface5) 
with a very small amount of oxygen incor­
porated below the first layer. Such a sur­
face is clearly magnetic with a transition 
temperature Tc > TN, where TN is the Neel 
point of antiferromagnetic bulk chromium. 
If, however, the oxygen is completely 
removed or located on top of the (100)-sur- 
face, no spin polarized photoelectrons are 
emitted, indicating that the para-or antifer­
romagnetic state typical of bulk Cr prevails.

This has immediate practical applica­
tions: simply by measuring the magnetic 
suceptibility, one may now determine 
whether oxygen has been incorporated or 
has remained at the surface. Indeed, the 
magnetic properties of a surface are pro­
bably the finest sensors of its chemical 
state. The advent of new storage rings as 
dedicated sources for synchrotron radia­
tion will provide further impetus for these 
and other types of spin polarized photo­
emission experiments.

Another example of the second type of 
experiment in which only the detector for 
spin polarization is needed, is the produc­
tion of secondary electrons from a magne­
tized material by impact with primary un­
polarized electrons6). As the primary elec­
tron beam may be focussed into a spot of 
diameter down to 100 A, the spin polariza­
tion of the secondary electrons emitted

Fig. 5 — The spin polarization of photoelectons, 
emitted from a chromium (100) surface with a 
very small amount of subsurface oxygen, vs. 
temperature (from Ref. 5). The Neel point TN of 
bulk Cr is also indicated.
from the sample reflects the magnetization 
of that spot. This allows, for instance, 
observation of magnetic domains with an 
unprecedented spatial resolution. It may be 
used to study domain walls and switching 
of magnetic domains, or to measure sur­
face magnetization curves. All of these are 
hot topics in the magnetic recording in­
dustry.

In a third class of experiment, one has 
both a spin polarized electron source and a 
detector for spin polarization. This of 
course yields the best Information. It has 
been shown recently7) that it is possible to 
direct a primary beam of spin polarized 
electrons onto a metal, energy analyze the 
secondary electrons emitted at a well defin­
ed angle with respect to the primary beam, 
and still measure the spin polarization of 
the secondaries. With a non-magnetic 
material, spin polarization of the secondary
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electrons can arise only through the quan­
tum-mechanical exchange in the electron- 
electron collision. Hence this experiment 
promises a unique experimental test of the 
exchange interaction of electrons in a solid, 
employing directly the symmetry properties 
of the fermions.

The necessity for a vacuum in the experi­
ments with polarized electrons as described 
here may be overcome in the future, espe­
cially with experiments of the second type 
involving the emission of polarized elec­
trons from solids. To measure P, the sam­
ple surface could be covered with a semi­
conductor, and the circular polarization of 
the recombination radiation of the injected 
electrons with appropriate states could be 
observed, reversing the principle of opera­
tion of the spin polarized electron source. 
Spin dependent tunnelling into a magnetic 
semiconductor or superconductor, or spin 
selective electron scattering in point con­
tacts containing magnetic impurities have 
also been proposed, or used as solid state 
detectors for electron spin polarization. 
P/n junctions are the basis of present elec­
tronics, and can be made with semicon­
ductors only. However, a spin up/down 
junction is also conceivable with metals, 
which leads one rightly to suspect that this 
field is only at its very beginning.
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International Facilities for Physics Research
Preceding the meeting of the EPS Coun­

cil which will take place in Copenhagen on 
24/25 March 1983, a Symposium on Inter­
national Facilities for Physics Research will 
be held from 21-23 March, partly in 
Copenhagen and partly at the Risø National 
Laboratory which is celebrating its 25th an­
niversary at the same time.

The Symposium which is co-sponsored 
by the American Physical Society, Risø and 
the NOVO Foundation is a follow-up to the 
Symposium on the European Great Pro­
jects that took place in Rome on 26/27 
March 1979 (see Europhysics News, 10 
(1979) 4).

Principal topics covered by the Sympo­
sium will be :

1) Accelerators for nuclear physics and for 
high energy research ;

2) Fusion research programmes;
3) Astrophysics in space and ground- 

based astronomical telescopes ;
4) Neutron beam facilities ;
5) Synchrotron radiation sources and faci­

lities for condensed matter research.
Papers will be presented on both Euro­

pean and non-European programmes and 
the final session will be devoted to two 
panel discussions ; one on new facilities for 
the physics community and the second on 
promoting international collaboration in 
physics.

Hewlett-Packard Europhysics Prize
The formal citation awarding the 1983 

Hewlett-Packard Europhysics Prize to Pro­
fessor Isaac Silvera, as announced last 
month, states that it is in recognition of his 
work on Atomic and Solid Hydrogen.

Readers of Europhysics News will 
already be familiar with some of the 
outstanding achievements of Professor 
Silvera. In May 1980 we published an arti­
cle contributed by him in collaboration with 
J.T.M. Walraven describing the experi­
ments at the University of Amsterdam on 
the "Stabilization of Monoatomic Hydro­
gen — a New Bose Gas", whereby polari­
zed atomic hydrogen was condensed on to 
a film of liquid helium at a temperature of 
270 mK. Then, in August/September 
1982, Prof. Silvera summarized the lec­
tures he had been giving around Europe in 
his capacity as EPS Travelling lecturer on 
"New Phases of Molecular and Atomic 
Hydrogen under Extreme Conditions". This 
reviewed experiments on the behaviour of 
solid hydrogen at pressures going up to 
over 0.5 Mbar. Of particular interest was 
the detection of the broken (rotational) 
symmetry phase transition in D2 at 1 K, at a 
pressure of 278 kbar — a value much

higher than predicted. He also gave the 
most recent news of polarized atomic 
hydrogen gas being stabilized at a density 
of 3 x 1017 atom/cm3.

The 1983 prize will be presented on the 
second day of the General Conference of 
the EPS Condensed Matter Division to be 
held in Lausanne from 28-30 March 1983. 
Professor Silvera will be one of the spea­
kers at the Conference.

Donated annually by the Hewlett- 
Packard Co., the prize is given for outstan­
ding achievement in the field of solid state 
physics, in recognition of recent work (i.e. 
within the past five years).

Proposals are now invited for the 1984 
award. These may be submitted by Mem­
bers individually, or as representatives of a 
Division and should include : 
a clear definition of the work in question ; 
a short biography of the candidate; 
a list of relevant publications and reprints 

referring to the work recommended. 
Details should be sent to the Selection 

Committee, c/o EPS Secretariat, POB 69, 
CH-1213 Petit-Lancy 2, to arrive not later 
than 12 August 1983. All information will 
be treated as confidential.
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