Low-Energy Atom Scattering from Surfaces

THOMAS ENGEL

Experiments in which low-energy atoms are scattered
from surfaces represent an important new method for
structural analysis of the topmost atomic layers of a
surface. The method and its application in a number of
areas in surface science, such as detecting surface defects
and studying lattice dynamics, are discussed.

TRUCTURAL STUDIES OF SURFACES HAVE BEEN ONE OF THE

main avenues of research in surface science since the 1960’.

From chemical studies of gas and liquid phases, investigators
have good reason to believe that the way in which atoms are
arranged in a molecule is crucial to the properties of the molecule,
especially its reactivity. Is structure an equally important factor in
considering the properties of solids? The answer is less clear than it is
for gases, in which the isolated atoms lack the long-range order
characteristic of a solid. Nevertheless, atomic structure is a crucial
factor in determining the band structure of semiconductors, metals,
and insulators. Electronic devices that make use of the structural
arrangement of atoms for a particular element can be fabricated; in
this case the bulk structure is the important feature. Geometric
structure is also intimately connected with the electronic properties
of solids.

The chemical reactivity of solids also depends on the arrangement
of atoms, particularly the arrangement in the outermost two to three
atomic layers. The reason is that a reaction must take place at the
interface between the solid and the second phase, which contains
reactants. Studies of catalysis at surfaces [which are discussed in the
article by Goodman (1)] show that some catalytically active reac-
tions are greatly accelerated if a particular crystal plane with its
characteristic atomic arrangement is exposed to reactants. A striking
case of such structural sensitivity for a simple reaction is Pt(100).
Here the metastable surface, which has the same structure as would
be expected for a continuation of the bulk structure to the surface,
adsorbs oxygen 10? times more readily than the thermodynamically
reconstructed Pt(100) surface (2). The latter is based on a hexagonal
symmetry of platinum atoms rather than on the fourfold symmetry
characteristic of the normal (100) plane. Many more examples could
be cited to show the importance of the surface structure of solids—
from the cracking of petroleum to the properties of electronic
devices to tribology to battery technology. Much remains to be
learned about how the structural arrangement of atoms exposed at a
surface can have a profound influence on some processes and a
negligible effect on others.

Many techniques have been developed to probe the structure of
surfaces. Among the more important of these are scanning tunneling
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microscopy, electron microscopy, surface extended x-ray absorption
fine structure, ion scattering, surface x-ray diffraction, low-energy
electron diffraction (LEED), and diffraction of atomic beams. The
first two of these are direct imaging techniques that allow the
detection of aperiodic features such as steps and kinks in an
otherwise perfectly periodic structure; the others rely on diffraction
of waves from a surface. Results obtained with these methods
emphasize long-range order, although information about the pres-
ence of defects on surfaces can also be obtained with diffraction
methods. No single structural technique can cover all the needs of
the surface scientist because the information gained through each of
these techniques is different. In addition, the possible damage to the
surface by the impinging electrons, atoms, or ions must be consid-
ered in deciding which of the techniques is best suited for the
problem at hand. Finally, no single technique is sufficient to
characterize a system completely, so that a structural technique must
be compatible with other methods, such as thermal desorption,
electron spectroscopies, or adsorption techniques.

The Diffraction of Atoms from Surfaces

The diffraction of helium and molecular hydrogen from a surface
formed by cleaving a LiF crystal with a razor blade was first
observed in 1930 by Estermann and Stern (3). This experiment was
the first to show the wave nature of particles, which had been
suggested by de Broglie. In retrospect, it has become clear that
Estermann and Stern were astute in the choice of the surface in their
experiment. Only a very few materials, such as LiF, MgO, and
graphite, are sufficiently inert that the surface periodicity is apparent
under the moderate vacuum conditions available in 1930. It was not
until ultrahigh vacuum (UHYV) techniques were combined with
beam sources in 1971 that atom diffraction was observed from a
metal surface (4). Results were first obtained from semiconductor
surfaces (5) and from adsorbate-covered surfaces (6) in 1979. Since
1930, however, a number of research groups have carried out
experiments on inert surfaces that have led to a detailed understand-
ing of the interaction potential between an incident atom or
molecule and these surfaces.

To understand the nature of the information obtained from atom
diffraction, it is instructive to examine the interaction between an
incoming atom or molecule and the surface (Fig. 1). At distances far
from the surface, the neutral atom or molecule experiences an
attractive potential due to van der Waals forces. As it approaches the
surface, the particle experiences a maximum attraction indicated by
the potential energy well depth D. If the incident particle can form a
chemical bond to the surface, D may be on the order of 1 eV, and
the particle will be trapped in the potential. For chemically inert but
relatively polarizable atoms such as argon, D is on the order of 80
meV. This interaction is too strong to allow prédominantly elastic
scattering, and no diffraction is observed. Only if the particle is not
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too heayy and D is not too large will elastic scattering dominate and
diffraction be the most probable scattering event. This has been
observed for helium and neon as well as molecular and atomic
hydrogen and deuterium scattering from inert surfaces. Typical well
depths for helium interacting with a metal surface are on the order
of 8 meV.

Of particular importance in understanding the nature of the
information contained in atom diffraction is the origin of the
repulsive part of the potential shown in Fig. 1. For a closed-shell
atom such as helium, it is the overlap of the electron charge density
of the atom with those electrons of the solid that penetrate most
deeply into the vacuum. This repulsion (Vi.p), a consequence of the
Pauli exclusion principle, can be shown on theoretical grounds (7)
to be in general simply related to the total electron charge density, p,
at the position of the diffracting atom by

Viep (%,0,2) = a p(x,),2) (h

where o is a proportionality constant whose value is 350 eV (atomic
tinit)*® and where the x and y directions are parallel to the surface and
z is normal to the surface. If D is not large, the atom reaches its
distance of closest approach to the surface when Vi, equals the
incident normal energy E;. This defines a contour above the surface,
which forms a diffraction grating for the incident wave. In principle,
the distance of closest approach to the surface can be varied by
changing E;. However, because p(x,7,z) falls off exponentially with z
and because inelastic scattering plays an increasingly important role
in the scattering as £; increases, the classical turning point for most
experiments is near 3 A above the surface plane. The electron charge
density at this turning point has values between 1 x 107* and
5 x 107* (in atomic units), which is several orders of magnitude less
than the electron densities in chemical bonds.
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Fig. 1. Interaction of a neutral particle with a solid surface. (Top) Equipo-
tential lines; the negative potential energies are given in fractions of the
maximum well depth (D). (Bottom) The potential as a function of z (normal
to the surface) for two different impact points (A and B) (28).
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Fig. 2. Normalized diffraction intensity as a function of exit angle (8,
measured from the surface normal) for helium scattered from Ni(115). Many
wcll—r;isolvcd diffraction peaks are observed. The wavelength of the beam is
0.57 A (9).

Structural studies that use atom diffraction rely on the fact that the
classical turning-point surface, which according to Eq. 1 is a contour
of constant charge density, has the periodicity of the surface (Fig. 1).
As in any diffraction experiment, the structural information is
contained in the relative intensities of the diffraction peaks. Unlike
neutron or x-ray diffraction, however, the surface presents continu-
ous scatterers rather than an array of point scatterers. To extract the
classical turning-point surface (which is usually referred to as the
corrugation function) from experimental data, a model atom-surface
potential must be used. Only in very few cases (8) has it been
possible to determine an atom-surface potential accurately by means
of a combination of diffraction, inelastic scattering, and resonant
scattering data. The formulation of a realistic atom-surface potential
is an active area of research, and it is clear that the more accurately
the potential is known the more structural information that can be
extracted from data.

Most structural information obtained from atom scattering ex-
periments has been based on analyses that use a hard-wall potential:

V(xyz) = 0 if 2 > {(x,y) 2)
= if z = {(x)

where {(x,y) is the corrugation function. An attractive well can be
included in the potential in the form of a refractive index if the finite
slope of the repulsive potential shown in Fig. 1 is neglected. An
example of a helium diffraction scan obtained from Ni(115) is
shown in Fig. 2. For this strongly corrugated surface, many
diffraction peaks are seen. A more realistic potential is the corrugat-
ed Morse potential given by

Visye) =Depals— syl - D expsoz  (3)

A detailed comparison of {(x,y) obtained by means of these two very
different potentials has been made for helium diffraction from
Ni(115) (9). The essential results are that the shape of {(x,y) is the
same for either potential but that the amplitude of {(x,y) for the
hard-wall potential is 20% larger than for the corrugated Morse
potential. This result is encouraging because vastly different poten-
tials yield similar electron density contours. For structural studies,
however, in which the goal is to decide between two models that
differ only slightly in their atom positions, the atom-surface poten-
tial must be well known. This information can be gained through
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Fig. 3. Schematic drawing of the apparatus used in these studies. (1) Nozzle-
skimmer chamber; (2) and (3) first and second differential pumping stages;
(4) third differential pumping stage; (5) UHV chamber; (6) 50% duty-cycle
chopper; (7) time-of-flight chopper; (8) azimuthal and tilt portions of the
sample manipulator; (9) polar axis rotation device; (10) bellows for x-yz
motion; (11) manipulator support cylinder containing liquid nitrogen
dewar; (12) quadrupole mass spectrometer detector; (13) and (14) detector
differential pumping chambers; (15) rotatable detector flange; (16) titanium
sublimation pump (16).

diffraction experiments carried out over a wide range of incident
energies and through resonant scattering experiments that probe the
attractive region of the potential.

The determination of the corrugation function is only half the
structural problem. The experimentally determined quantity is the
contour of charge density corresponding to approximately 107* in
atomic units. The desired information is the position of the atoms at
the surface. Therefore, a structural analysis involves calculating the
electron density contour at a density appropriate for the incident
energy and a given set of atom positions and then comparing it with
the experimentally determined corrugation function. This step is
currently the weakest link in the chain of processes needed for
quantitative structural analyses by means of atom diffraction. Meth-
ods to generate electron density contours range in complexity from
isolated atom superposition (10) to self-consistent solid-state meth-
ods (11). Various elements of the problems inherent in calculating
density contours at low values have been discussed (12); it is to be
expected that, as more diffraction experiments are carried out on a
variety of surfaces, advances in the theory will follow.

Even though quantitative crystallographic determinations done
by means of atom diffraction are limited by incomplete understand-
ing of the atom-surface potential, there are many research areas that
can be pursued with our present knowledge. These include choosing
between different structural models proposed for the same surface
(13), studying phase transitions at surfaces (14), detecting defects
such as steps and kinks on surfaces (15), identifying roughening
transitions on metal surfaces (I6), studying changes in surface
topography induced by sputtering (17), and studying surface diffu-
sion (18). These areas involve only elastic scattering of atoms from
surfaces. Additional studies of energy transfer between helium
atoms and surfaces have given important insight into lattice vibra-
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tions and force constants between surface atoms. This extends the
applicability of atom-scattering techniques to a wide range of
problems dealing with lattice dynamics.

Experimental Considerations

Structural studies on reactive surfaces require vacua on the order
of 107! torr to prevent residual gases in the vacuum system from
contaminating the surface in a short time. For atom diffraction
studies, a beam source must be coupled to the UHV scattering
chamber in which the sample is mounted.

The complexity of an atom diffraction experiment can best be
illustrated by comparing it with a LEED experiment. In the case of
LEED, a hot filament is the source of electrons, which can be
collimated, accelerated, and focused onto the sample with electrical
potentials applied to elements of an electron gun. After diffraction
from the surface, the electrons in the discrete beams pass through a
field-free space, after which they are energy-selected by means of
hemispherical grids and accelerated onto a fluorescent screen. The
light intensity, which is proportional to the diffraction intensity, can
be recorded from outside the vacuum chamber with a video camera.
For atom diffraction, sources are more complex because neutral
atoms cannot be focused. The atom beam is generated by expansion
of a gas at high pressure (10 to 100 atmospheres) through an orifice
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Fig. 4. (A) The corrugation function determined from helium diffraction
from a Ni(110) surface covered with 0.8 monolayer of hydrogen atoms. (B)
A structural model consistent with the experimental results. The small dark
and cross-hatched circles correspond to hydrogen bound at two different
types of sites, and the large open circles corresponding to the topmost layer
of nickel atoms (25).
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whose diameter is on the order of 0.02 mm. Gas emerges into the
vacuum in front of the nozzle in a broad cone of exit angles, and
apertures are used to select a small range of exit angles correspond-
ing to trajectories perpendicular to the nozzle plane. Only roughly 1
in 10® atoms that leave the nozzle strikes the sample; the rest must
be pumped away for compatibility with the UHV conditions in the
scattering chamber. The space between successive collimating aper-
tures is pumped separately to ensure that this occurs.

The expansion of the gas as it passes from the nozzle into the
vacuum is a crucial aspect of the generation of an atom beam suitable
for diffraction from surfaces. As the gas expands into the vacuum,
collisions between atoms lead to a narrowing of the velocity
distribution, so that the spread in velocities about the mean drift
velocity can be made as narrow as that which would be achieved in
an equilibrium gas at 1072 K (19). This narrowing of the velocity
distribution is critical because otherwise the beam would contain a
spread of wavelengths that would smear the diffraction peaks.

Finally, detecting the diffracted particles is more difficult than in
LEED because simple displays, such as a phosphorescent screen,
cannot be used to image neutral atoms of an inert gas. Most atom
diffraction studies use a mass spectrometer as a detector, although
bolometers have also been used. Because the angular distribution of
the backscattered particles must be measured, the mass spectrometer

Fig. 5. Schematic illustration of interference obtained in scattering from a
surface in the vicinity of a step edge. Whether the interference is constructive
or destructive depends on whether the path difference between the two
indicated trajectories is an odd or even number of half wavelengths. 8; and 8,
are the angle of incidence and the scattering angle, respectively, as measured
from the surface normal.

Fig. 6. Idealized view of a stepped metal surface. These consist in general of
relatively close-packed terraces separated by a step that is one atomic spacing
high. (A) The configuration present at low temperatures. (B) The configura-
tion expected above the transition temperarure to the rough state (16).
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must be rotated about the scattering center without compromising
the UHV environment. Furthermore, the detector is best placed in
its own vacuum chamber with collimating apertures that view only
the impact point of the beam on the surface. In this way the detector
will not measure the pressure rise in the scattering chamber that is
due to the beam flux equilibrating with the chamber walls. Because
the measurement of the intensity of the diffraction beams requires
that the detector sample as much as possible of the half-space in
front of the single crystal sample, suitable rotations of the detector
and sample must be incorporated into the design. A single rotation
of the detector in the scattering plane coupled with separate polar,
tilt, and azimuthal sample rotations, or two detector and two sample
rotation modes, will enable the half-space to be scanned.

Figure 3 shows schematically the apparatus used in our laboratory
for atom diffraction studies (16). By means of two-stage differential
pumping of the detector and synchronous detection, a sensitivity of
1 part in 10° of the incident beam intensity can be achieved in a
counting time of several seconds. In this apparatus, four differential-
ly pumped stages are used in the beam-generating portion, and the
detector can be rotated in the scattering plane. The sample is
mounted on a three-axis manipulator (20), which allows cooling to
90 K and heating to high temperatures by electron bombardment of
the sample.

Although such an apparatus is highly complex, its versatility is
great. The same apparatus can be used to study lattice dynamics of
clean and adsorbate-covered surfaces by measuring the energy
transferred between the impinging gas atoms and the bulk and
surface phonons of the substrate. Furthermore, with slight modifica-
tions, an atom diffraction apparatus can be used to study chemical
reactions on surfaces. This is particularly useful when the reactants
are highly reactive, because a molecular beam confines the reactants
to collisions with the sample, thereby eliminating spurious wall
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Fig. 7. Ratio of the specular intensity after ion bombardment to that from a
defect-free surface as a function of the number of ions that have struck the
surface. Because of the large cross section of the defect produced, helium
atoms are scattered into a diffuse background, which leads to a strong
attenuation of the specular peak (17).
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effects. With the use of relaxation techniques (21), fast reaction
kinetics can be studied on surfaces; such studies have led to the
unambiguous determination of reaction mechanisms for a number
of catalytically important reactions.

Applications of Atom Scattering from Surfaces

Atom scattering, particularly helium scattering, has been useful in
structural determinations, surface diffusion studies, surface defect
detection, phase transition experiments, and lattice dynamics studies
(22-24). In all these applications, details of the atom-surface
potential are of minor importance; thus the technique can be used to
its full advantage without this information.

Atom scattering is well suited for studies involving hydrogen
adlayers. Of all adsorbates, hydrogen is perhaps the most important
because it is a reactant in many catalytic processes, such as petroleum
refining. Since hydrogen atoms are weak electron scatterers, LEED
has been only minimally useful in determining lattice positions
occupied by hydrogen. Because the classical turning point of
diffracting helium atoms occurs at a low electron density, however,
helium is sensitive to lattice atoms of both low and high atomic
number.

One example of an atom scattering experiment involving hydro-
gen adlayers (25) has shown that a number of phases of hydrogen
are formed on Ni(110), depending on the surface coverage. Figure
4 shows an experimentally determined corrugation surface for a
hydrogen coverage of 0.8 monolayer as well as a structural model
consistent with the experimental data. The electrons localized at the
adsorbed hydrogen atoms push the contour of constant electron
charge density further into the vacuum, giving rise to maxima at the
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Fig. 8. Ratio of the specular intensity after CO adsorption to that from a
CO-free surface as a function of the CO coverage. Data were obtained on a
Pt(111) surface with E; = 63 meV. (x) Experimental data; the three lines
represent the behavior expected for different models. The dotted line is for a
lattice gas of CO molecules; the dashed line is for a lattice gas in which
nearest neighbor sites are excluded (26).
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Fig. 9. Ratio of the specular intensity at a given xenon coverage to that for
the clean surface as a function of the number of xenon atoms that have struck
the surface. For low exposures, the helium beam is greatly attenuated because
the xenon atoms are randomly distributed on the surface. At a coverage
corresponding to condensation of this lattice gas into well-ordered islands,
the attenuation decreases because most of the scattering into the diffuse
background (which leads to attenuation) is due to atoms at the island edges
only (29).

position of the underlying atoms. The resulting structure appears to
be complex, but it is actually determined by two competing forces:
repulsive interactions in the adlayer, which try to arrange the
adatoms in a hexagonal lattice, and attractive forces between ada-
toms and the surface atoms, which try to maintain registry between
the adlayer and the substrate. The structure represents a compromise
between these two factors. Without accurate atom-surface potentials
and charge density calculations, atom-surface spacings cannot be
determined; however, Fig. 4 does show certain aspects of the
structure. At present, most of our understanding of the atomic
arrangement of hydrogen adlayers on various metal surfaces comes
from atom diffraction experiments.

Although diffraction experiments emphasize the long-range order
aspects of surfaces, aperiodic features such as surface kinks or steps
are equally important because they can have a significant effect on
reaction kinetics at surfaces. Atom diffraction is ideally suited to
probe the defect structure at surfaces because of the attractive part of
the atom-surface potential. As in the gas phase, this gives rise to
scattering for large impact parameters. Therefore, vacancies or kinks
have scattering cross sections on the order of 100 to 200 A%, which
is many times their geometric size (26). This means that even a few
defects can significantly affect scattering intensities.

Figure 5 shows a two-level system that would result locally on a
surface if steps were created on it through sputtering or thermal
activation. For specular scattering, in which the incident and
reflected angles are equal, there are two characteristic sets of angles.
For one set, the path difference for scattering from the two levels is
an integral number of wavelengths. These correspond to in-phase
scattering from the two levels, and the scattered intensity is identical
to that if no steps were present. The second set of angles corre-
sponds to trajectories in which the path difference between scatter-
ing from the two levels is an odd number of half wavelengths. This
leads to destructive interference. For this antiphase condition, the
specular peak is broadened and the maximum intensity reduced.

This characteristic diffraction beam broadening and intensity
reduction under antiphase conditions, which is a unique signature of
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steps on surfaces, has been used to establish the existence of a
roughening transition on metal surfaces (16). For a surface that is
inclined with respect to a relatively close-packed plane of low surface
energy, the equilibrium configuration at very low temperatures is
that shown in Fig. 6A. The low surface energy terraces are separated
by steps that are one atomic spacing high. Above a critical tempera-
ture, the surface assumes the configuration shown in Fig. 6B, in
which the step edges meander. The meandering is unbounded for an
infinitely large single crystal, leading to the surprising result that the
surface is no longer well defined. This result is of course modified
for real surfaces, for which coherent domain sizes are generally only
on the order of 1000 A. The meandering of the step edge that is
bounded for finite domain sizes, however, will generate kink sites of
high coordination number; this phenomenon may be of importance
in reactions on supported catalysts that generally exhibit appreciable
areas of high-index planes. Recent experiments indicate that the
transition temperature to the rough state is 450 K for Ni(115) (16),
where the terrace width is 6.5 A, and 750 K for Ni(113) (27), where
the terrace width is 3.9 A. Because such temperatures are not
outside the range used in the catalytic industry, these insights into
the equilibrium configuration of high-index crystal planes may be of
importance in understanding reactions on surfaces.

If a well-ordered single crystal surface is bombarded with argon
ions at low temperatures in the process called sputtering, random
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Fig. 10. Phonon dispersion curves for mono-, bi-, and trilayers of krypton
atoms on a Ag(111) surface. The characteristic variation of the phonon
energy with the wave vector of excitation (Q) is different for different film
thicknesses. This shows the complexity of lattice dynamics for adsorbed
layers. (Inset) A thermal desorption spectrum from a trilayer film. The
monolayer is desorbed at the highest temperature because it is most strongly
bound to the surface. The third layer desorbs at a lower temperature than the
second, as can be seen in the two peaks near 40 K (30).
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defects are produced. Because of the large scattering cross section
associated with the defect, the specular scattering for a helium beam
is strongly attenuated. If the same process is carried out at higher
temperatures, at which surface diffusion can anneal the defects, the
attenuation of the specular scattering is reduced (Fig. 7). From
measurements of this type, absolute sputtering yields and rates of
surface diffusion can be determined (17). Thus important technical
questions can be addressed without a complex analysis of the data.

The degree to which the specular beam is attenuated by individual
surface scatterers on an otherwise well-ordered surface gives an
indication of how the scatterers are distributed. This applies whether
the scatterers are vacancies or adatoms, as illustrated in Fig. 8. Here
the specular helium beam is attenuated by adsorbed CO molecules;
the intensity is reduced by an order of magnitude by 5% of a
monolayer of CO. The exact form of the attenuation depends on
whether the adatom interaction leads to ordering; for this particular
case adsorption is consistent with the exclusion of nearest neighbor
sites, showing that adjacent CO molecules strongly repel one
another.

Above a critical coverage, the adsorbed gas condenses into well-
ordered islands as a result of attractive forces, and the attenuation is
less than that for a random distribution at the same coverage. This
abrupt change in attenuation as coverage is increased can be used to
identify a surface phase transition from a disordered gas to a two-
dimensional solid. By mapping the coverage at which this occurs for
various temperatures (Fig. 9), the phase diagram for the two-
dimensional system can be determined.

The preceding examples were taken from studies in which the
elastic intensity was measured after atom scattering from the surface.
By introducing a chopper into the beam line with a narrow slit,
pulses of atoms with widths on the order of 107 second can strike
the surface. By measuring their time of flight to the detector, the
energy lost to or gained from the surface phonons can be deter-
mined. By making these measurements for various scattering angles,
the dispersion relation between the energy of the phonon mode and
its wavelength can be determined. Figure 10 shows results obtained
for krypton films. Monolayer films do not show dispersion, indicat-
ing that individual atoms vibrate completely independently of one
another; thicker films do exhibit dispersion, showing that collective
modes of the adlayer are excited by the collision with the helium
atom. Such studies can be used to determine the force constants
linking neighboring surface atoms and can thereby enhance our
understanding of the stability of surfaces. They can also provide a
microscopic picture of the driving force behind phase transitions at
surfaces.

Conclusions

This survey of atom scattering from surfaces has covered only a
small portion of current research. Major insights into fundamental
areas, such as the atomic structure of adlayers and the existence of
certain classes of phase transitions, have become possible through
the use of atom scattering techniques. In addition, solutions to
problems of a more technical nature, such as surface diffusion and
the determination of sputtering yields, have been possible by using
the large cross sections associated with vacancies and adatoms on
surfaces. Because a modern surface scattering apparatus can be used
to carry out all these experiments, to study lattice dynamics through
inelastic scattering measurements, and to determine the mechanisms
of surface reactions by means of relaxation techniques, a large span
of surface science can be covered. With the advances that have been
made in the field in the last decade, we can be optimistic about what
the next decade will bring.
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Polarized Electron Probes of Magnetic Surfaces

ROBERT J. CELOTTA AND DANIEL T. PIERCE

The magnetic properties of surfaces are now being ex-
plored with electron spectroscopies that use electron spin
polarization techniques. The increased activity in surface
magnetic measurements with polarized electron beams is
spurred by new scientific and technological challenges
and is made feasible by recent advances in the technology
of sources and detectors of polarized electrons. The ability
to grow thin films and to engineer artificial structures
permits new phenomena to be investigated at magnetic
surfaces and interfaces. For such investigations, spin-
polarized electron techniques—such as polarized electron
scattering, polarized photoemission, polarized Auger
spectroscopy, and scanning electron microscopy with
polarization analysis—have been and will probably con-
tinue to be used to great advantage.

UCH OF WHAT WE KNOW ABOUT SURFACES ON THE

atomic level comes from electron-based measurements.

Our knowledge of microstructures in general is largely a
consequence of rapid advancement in the field of electron microsco-
py. It is therefore surprising that use has not been made of the full
information content of an electron beam, in particular the degree of
electron spin polarization.

Electron-based measurements typically determine the change in
momentum of an incident probing electron, the momentum distri-
bution of emitted electrons, or, in the case of the scanning electron
microscope, simply the number of emitted electrons. Since 1925,
however, it has been known (1) that each electron possesses a spin,
with an associated magnetic dipole moment having a fixed strength
and variable orientation in space. It is this additional degree of
freedom, the orientation of the electron spin, that is the key to
obtaining more information about the system under study.
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A fully characterized electron beam has either been prepared with
or measured to have a specific momentum and polarization. The
polarization of an electron beam in the z direction is defined as

=N¢-N¢ 1)
z
NT +N¢

where N4 (or N ) represents the number of electron spins patallel
(or antiparallel) to the z direction. A completely polarized electron
beam has a polarization vector magnitude of unity, compared to an
“ordinary” beam with a polarization of zero.

Macroscopic fields, such as those used to separate atoms of
differing spins in a Stern-Gerlach experiment; cannot be used (2)
with free electrons to filter out those clectrons with a particular spin
direction to form a highly polarized beam. While many clever ways
(2) Of producing and detecting electron polarization have been
suggested during the last 50 years, only recently have polarized
electron sources and detectors progressed to the stage where they
may be used routinely in experiments. This accounts in large
measure for the relative paucity of experimental results in the field:

Measuremerit of the polarization of an electron beam makes it
possible to learn more about systems in which interactions affecting
the spin of the electron occur. The spin-orbit and exchange intérac-
tions do this in fundamentally different ways. In the spin-orbit
interaction, the magnetic dipole of the incident electron interacts
with the electric field of an atom in the sample. This is a relativistic
effect that is largest for heavy atoms and can cause a redistribution of
the direction of the spins, that is, a change in the polarization. The
exchange irteraction comes about as a consequence of the Pauli
exclusion principle, which forbids any two electrons from having
exactly the same quantum numbers. Hence, the spatial part of the
wave function of two colliding electrons with the same spin
direction will be different from that of two electrons with opposite
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