RICE UNIVERSITY
SURFACE STUDIES USING SPIN-POLARIZED
ELECfRON ENERGY LOSS SPECfROSCOPY
by
GREGORY ANTHONY MULHOLLAN
A 1HESIS SUBMITIED
IN PARTIAL FULFILLMENT OF 1HE
REQUIREMENTSFORTHEDEGREE
OOCfOR OF PmLOSOPHY
(

,.;

'

G. iC Walters, Professor of Physics,
Director/ r"
,

I·..,t(·.·/r(r
... I/., J: i 'J .·

'

1 :

~.

I

.l

. ~,.

!;

,

M. P. D"Evelyn, Assistant
Chemistry

fessor of

Houston, Texas
October, 1989

3 1272 00653 3994

\,.

Abstract
Surlace Studies using Spin-Polarized
Electron Energy Loss Spectroscopy
by
Gregory Anthony Mulhollan
Spin-polarized electron energy loss spectroscopy(SPEELS) has been used to
investigate several paramagnetic surlaces. In this technique, a low energy beam of spinpolarized electrons from a GaAs source is directed at the surlace to be studied and the spinpolarization of the emitted electrons, as well as the kinetic energy distribution, is measured
via a micro-Mott polarimeter equipped with a retarding potential energy analyzer. The nearelastic-energy electrons contain infonnation on the inelastic scattering channels available in
the solid. The spin-polarization of these same electrons is sensitive to the shape of the final
state manifold, i.e., the density of unoccupied states. The low energy end behavior of the
spin-polarization spectrum mainly reflects the high number of unpolarized electrons present
near zero kinetic energy. Results from Cu(lOO), polycrystalline Au, GaAs(llO) ,
GaAs(lOO) and Mo(llO) surlaces suggest that exchange scattering with spin-flip is
ubiquitous for the lowest energy electron beam energies studied(-14 eV). A simple
convolution of the empty and occupied densities of states correctly predicts the shape of the
energy dependent spin-flip rate.
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I.In troduction
Surface physics is a rich and diverse discipline which encompasses much of the
lore of the bulk solid state while focusing on the many new and exciting properties of free
surfaces and interfaces brought about by broken translational symmetry and reduced
coordination numbersl. Advances in such diverse technological areas as heterogeneous
catalysis(the treatment of automobile emissions) and corrosion-stress-transport
phenomena(the storage of chemical and nuclear reaction by-products)have relied on
elements of surface science2. It may be said without reservation that future breakthroughs
in magnetic media storage and electronic device miniaturization will rely on the progress of
surface physics as the density and sizes, respectively, approach limits where effects of twodimensionality become important. Technological considerations aside, the wealth of
phenomena present at surfaces demands thorough investigation.
The electronic structure of solids determines many of their fundamental properties3.
Therefore, experimental probes of electronic structures are among the most important tools
for understanding the microscopic properties of matter. Electron bombardment is one
method of extracting the crystal electrons. When a beam of electrons is incident upon a
surface, the scattered electrons range in energy from the primary energy to zero vacuum
kinetic energy. The electrons present at the lowest energies originate from within the solid
and are called secondary electrons(SEs). The phenomenon of secondary electron emission
was discovered by Austin and Stark in 19024 during studies of the reflection properties of
'cathode rays.' Subsequently, efforts were made by Lenard and coworkers to define the
distinction between primary and secondary electrons5. Unfortunately, the resulting
definitions, which are still in use today, are somewhat ambiguous. Rediffused and
reflected electrons are those primary electrons which have undergone one or more inelastic
collisions or only elastic scattering, respectively. 'True' secondary electrons are simply
everything else. Obviously, the definition of the primary electrons is not entirely
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determinate. The number of inelastic collisions a primary electron must experience before it
becomes a secondary electron is not clear. Therein lies the problem. Were electrons
'idealons,' it would be possible to label them through some internal degree of freedom
which would not couple to anything in the solid during the time span of an experiment.
Since electrons are real, however, the best compromise is to label them through their spin
angular momentum.
For example, one means of probing surface properties is through the use of electron
energy loss spectroscopy(EELS)6. How well the emerging electrons represent the system
of interest is of great theoretical and practical importance since the exiting electron often
loses energy and/or has its momentum altered through various collision processes. The
parameter which accounts for these events is the electron mean free path(MFP). Typically
quoted MFPs are derived from measurements conducted with electrons of zero net spinpolarization.

It has become increasingly clear that MFPs in the transition metal

ferromagnets are electron-spin dependent7•
This spin dependence is brought about by the propensity for inelastic spin-exchange
in the transition metal ferromagnets, which manifests itself with energy losses characteristic
of the exchange splitting. This so-called Stoner excitation results in a net reversal of
electron-spin polarization for incident electrons of the minority type. The reversal occurs
when an electron falls into an empty minority state and transfers its energy to an electron of
the majority type. Naturally, this process is dependent on the densities of the occupied and
empty states(DOS).
Such spin-exchange processes, however, should not be confined to ferromagnets.
An example from atomic physics is the case of mercury, which, at certain primary electron
energies, inelastically scatters electrons from Po to -1/3 Po, where Po is the incident
electron beam's spin-polarizations. To date, the only paramagnetic surfaces studied with
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spin-polarized EELS(SPEELS) are graphite and Au(llO), neither of which exhibited any
tendency to strongly spin-flip exchange scattef9,10.
In the following, SPEELS studies using a GaAs source of spin-polarized electrons
and a microMott electron spin polarimeter are detailed. A semiclassical spin-dependent
Boltzmann transport theory is outlined, which in the limit of equal energy independent
matrix elements predicts the spin-flip rate to be proportional to the joint density of empty
and occupied states. Data has been acquired and analyzed for Cu(lOO), GaAs(llO),
GaAs(lOO), polycrystalline Au and Mo(llO).
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II. Electron Scattering-Theoretical Considerations
The energy and angular distributions of scattered and emitted electrons contain a
wealth of information on the chemical composition and crystalline and electronic structure
of surfacesll, Elastically scattered electrons are used in a variety of geometries and over a
range of energies for surface structure detennination. Naturally, inelastic scattering events
probe the various excited states available to the solid. For example, electron energy loss
spectroscopy(EELS) provides information on the vibrational modes of adsorbates,
interband transitions and plasmon excitation spectrum, among othersl2. Radiationless two
electron, or Auger, emission is element specific-enabling its use in surface chemistry
analysis. The cascade electrons present at low energies have found use in determining
possible electronic transitions within the near surface regionl3. A generic electron
spectrum which shows these features is given in figure 11.1. To fully probe the possible
excitation mechanisms, however, it is necessary to characterize not only the electron
momentum but also the electron's intrinsic angular momentum, or spin.
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Figure 11.1. Electron current as function of energy: I. quasi-elastic peak; II. electron-hole,
Auger and plasmon loss scattered electrons; m. true secondary cascade.
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A. Elastic Scatteringl4,t5
The undulatory character of electrons makes it possible to use them as probes of
periodic structures with recursion on the order of the free electron wavelength as given by
the deBroglie relationship:

A.(A)=

150
[ E(eV)

]l/2

(1)

The wavelengths of low energy electrons(= 1-200 eV), ranging from 1 to 10 A, are of the
order of the lattice spacings of most crystalline matter such that, like x-rays, elastically
scattered low energy electrons form diffraction(LEED) patterns. Since electrons are
charged particles, they interact strongly with the ion cores which comprise the crystal
lattice. This confmes the probing depth of LEED electrons to the near surface region, i.e.,
the scattered intensities and angular distributions are characteristic of surface properties.
The following section is not an attempt to give a complete review of LEED theory since
many excellent books exist on the subject. Instead, only a survey of the properties of
elastically scattered electrons relavent to the thesis subject appears below.
i. Kinematic Overview
Kinematic LEED theory is actually a modified version of classical x-ray theory.
Although it accurately predicts scattering angles for the diffracted beams, the energy
dependence it yields for beam intensities is incorrect since kinematic theory does not take
into account the multiple scattering which is responsible for most of the structure in LEED
intensity spectra. In general, it is expected that the incident electron may be represented as
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a plane wave with a well defined wavevector, k. Assuming a crystal of infinite extent
parallel to the surface, a diffraction pattern arises when the electron waves are scattered
such that the conditions
a • Ak

=27th and b • Ak =2xk

(2)

are satisfied, where a and b are the surface primitive lattice vectors and Ak is the vector
difference between the initial and scattered electron momenta. The indices h and k are
integers. In x-ray theory, a similar condition for the direction nonnal to the surface must be
satisfied for constructive interference to occur. Since LEED electrons only scatter from the
near-surface atomic layers, with contributions from the lower layers reduced by an
approximately exponential dependence on the mean free path, the third Bragg condition
holds only weakly at the lowest energies. Because electrons may more easily satisfy these
relaxed diffraction conditions, it is possible for nonzero intensities to be present over a
range of incident electron energies. This is in contrast to x-ray scattering, in which beams
emerge only for very specific energies in a given geometry. For higher electron energies,
the requirement that
c • Ak

=27tl

(3)

where cis the interlayer spacing perpendicular to the surface and 1 is an integer, becomes
more important in that the energies at which a beam emerges are further restricted. As in xray diffraction, spot positions may be predicted using the Ewald sphere as shown and
explained in figure TI.2.
ii. Realistic Calculations
In order to accurately calculate the scattered electron intensities, it is necessary to

use a dynamical model which explicitly takes into account multiple scattering. This is
usually accomplished by dividing the crystal into a series of planes one atom thick parallel
to the surface and propagating the intralayer scattered electrons as two dimensional Bloch
waves and the interlayer electrons as plane waves with well defined momentum, using as
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many layers as required for convergence of the exiting electron intensities. Additionally,
the structural model of the surface, which incorporates any possible reconstructions and
relaxations, as well as the optical potential, the imaginary part of which serves as a catch-all
to account for inelastic scattering processes, are generally varied in the calculations to
achieve the best agreement with experiment
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Figure ll.2. Ewald sphere construction for LEED. The wavevector ko of the incident
electron is drawn on a scale diagram of the reciprocal lattice. The tip of ko is at the origin
of reciprocal space. A sphere with radius I ko I is drawn around the point P. If a point of
the reciprocal lattice lies on the surface of the Ewald sphere, the condition for
elastic(kinematic) scattering is satisfied. 1 is a reciprocal lattice vector.16
iii. Small energy loss inelastic processes

a. Phonons
Perfectly coherent and monochromatic electrons diffracted from an 'ideal' crystal at
T=O K would be delta functions in space. However, real electron sources always exhibit
some divergence in energy and angle-not to mention that typical source electrons are
completely phase incoherent. Additionally, only an imaginary crystal would exhibit no
zero point vibrations. Thus, any real experimental system exhibits broadened diffraction
beams. It is believed, however, that the total intensity integrated over a real beam is the
same as for the 'ideal' calculation. For the effects of mosaic spread, antiphase domains and
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other such structural imperfections on LEED patterns , the reader is referred to the
previously mentioned references.
While not completely germane to the thesis subject, it is a helpful introduction to
discuss the effects of thermal vibration on the diffracted spectrum. Electrons may scatter
from these vibrational quanta or phonons, with energy losses on the order of 1.0 meV. In
the dynamic model, these processes are included in the interlayer propagation beams by
attenuating them with the factor

where Me is the change in wavevector for the particular scattering event involved and <u2>
is the mean square vibrational amplitude. The argument of the exponent will be recognized
as the usual Debye-Waller factor derived in any book on solid state physics. In the high
temperature limit, i.e., T >>

e0 , the Debye temperature, this factor can be related to the

Debye temperature by

3h4r

(5)

with kB being the Boltzmann constant and m the mass of the scatterer. Generally, in LEED
experiments it is not practical to separate phonon loss contributions from the true elastically
scattered electrons. Thus, the quasi-elastic intensity is the experimentally obtainable
quantity. With certain provisions, the width of a diffracted beam as a function of
temperature may be used to extract an effective eo. Departure from the bulk value is due to
the differences in the surface and bulk atom environments, i.e., their coordination numbers
are different. Additionally, the surface Debye temperature often is anisotropic since
surfaces have a directionally dependent atomic density.
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b. Dipole scattering
At a surface, the presence of impurities or even simple dynamical fluctuations in the
electron density may give rise to a dipole field 6• Consider a semi-infmite medium and let k
and k' denote the wavevectors of an incident and scattered electron, respectively. A plane
electron wave incident upon the surface induces a potential outside the medium given by
~Jx,t)

= -g(q11,ro)e

¥+~-icot

(6)

where g is the surface response, or complex dielectric function (See appendix II). For
small momentum transfer, q 11 << k, the probability that an incident electron is scattered
inelastically into the range of energy losses between hro and hro + h(dro) and solid angle dQ
around k' is just P(k,k')dQd(hro), which may be shown to be proportional to
A(k,k')Im{g(q11 ,ro) }.
Thus, the inelastic scattering probability is a product of two factors-a kinematic
factor A(k,k') which depends strongly on energy loss(.dE-3 as .dE--+0) but which is
independent of the medium, and the loss function Im{g(q11 ,ro)} which is proportional to the
power absorption of the material. The effect of these strongly energy dependent dipole loss
processes is to scatter electrons into a lobe shaped feature centered around the elastically
scattered electrons. Figure II.3 illustrates the rapid fall off of this lobe with angular
deviation from the specular direction for an W(lOO) surface17.

B. Large energy loss inelastic scattering mechanisms
i.Piasmons
By defmition, metals have partially filled conduction bands and are typified by the
itinerant character of these electrons. Thus, to a good approximation, the conduction
electrons may be treated as a negatively charged plasma18 with the ion cores providing the
necessary macroscopic charge neutrality. It is easy to show that such an electronic plasma
must support oscillations with a frequency given by19
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2

41tlle2

P

me

(I)=-

(7)

where n is the conduction electron density and 1lle is the electron mass. The wavevector
dispersion of such plasmons is classified according to whether it is acoustic or optical in
form, although, as always, hybridization can occur where the separate branches cross.
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Figure II.3. Angular proftle of electrons scattered inelastically from an ordered monolayer
of H adsorbed on the W(lOO) surface, showing the angular dependence of the elastic beam
and of three hydrogen vibration loss features.

This high mobility of the conduction electrons also enables them to effectively
screen any excess charge in their vicinity. The distance over which this occurs is given by
the Debye20 length
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Au =VI kBT/41tne2 = <v>r
(J)

(8)

-I 3

p

with <v> being the average electron velocity. In a metal, <v> should be replaced by vp,
the Fermi velocity. Typical metals screen charge in a distance of only ... lA! This
suggests one possible plasmon excitation mechanism, namely via the insertion of an
energetic external charge into the solid, i.e., by electron bombardment. It is obvious that
the minimum electron energy-referenced to the Fermi sea-necessary for plasmon excitation
is given by hroP. In general, optical frequency radiation will not efficiently couple to
plasmons, although a technique known as Attenuated Total Reflection(ATR) may be used
to excite certain plasmon modes21.
When the electron gas is terminated at a surface, solutions to Poisson's equation
still exist which are periodic parallel to the surface, but exponentially decay into the solid.
These charge oscillations are termed surface plasmons and have frequencies related to the
bulk oscillations by

The efficiency with which either type of plasmon is excited depends very much on the
character of the exciting electron beam, i.e., on the incident energy and angle. For
example, as the angle of incidence becomes grazing, the surface modes are preferentially
excited since the electron penetration into the solid becomes shallow.
Experimentally mapping the dispersion relation of the surface and bulk plasmon
excitations may help to obtain information on the charge distribution difference between the
surface and the bulk. For example, the metalicity of overlayers composed of metal atoms
grown on nonmetals may be determined by the presence of any surface plasmon modes22.
Additionally, it has been noted that some semiconductors also support plasmons.
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Apparently, the valence electrons are free to execute small oscillations about the nuclei
which are sufficient in amplitude to propagate the charge fluctuations.
It is evident from the nonzero width of the loss peaks characteristic of plasmon
excitation that the oscillations have a finite lifetime. The lifetime is a manifestation of the
inhomogeneous makeup of solids. The crystalline structure itself is sufficient to destroy
spatial isotropy. However, the presence of a surface and any impurities compound the
deviation from uniformity. Any of these may serve as a momentum 'dump' and hence an
energy loss channel for the plasmon. From above, it is clear that many(l04) phonons
would have to be excited to dissipate the energy in one plasmon. Furthermore, it has been
shown that this is not the predominant mechanism of plasmon decay23,24. Additionally,
decay of bulk plasmons through the excitation of surface plasmons is thought to be a weak
process at best.

ii. Electron-Hole Excitations
It turns out that the most efficient inelastic channel available to plasmons is the
excitation of an electron-hole pair. Additionally, any externally applied electron may also
excite an electron-hole pair. In this process, an electron from the Fermi sea is excited to
one of the unoccupied states above the Fermi level. If the excited electron level lies above
the vacuum level, the electron may escape the solid provided it experiences no additional
significant inelastic scattering events on the way out of the surface. A schematic of the
process is shown in figure II.4.
Another mechanism for the creation of an electron-hole pair is through electronelectron scattering via the screened coulomb potential present in solids. When the excited
electron remains within the solid, a bound electron-hole complex, or exciton, may
propagate through the crystal. Such behavior is really confined to insulators and certain
semiconductors since the free electron character of metallic electron wavefunctions leads to
a rapid delocalization of the pair, i.e., they become rapidly unbound.
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Fermi Leuel

II.4. Electron-hole excitation. An electron from an occupied level is excited to an
unoccupied level above the Penni level. cj) is the work function.

In addition to unbinding, the electron-hole complex lifetime may be reduced by the

decay of the hole. The dominant decay mode for holes is through the Auger process2. For
example, in copper, the Auger decays occur mainly by excitation of an electron from the sp
band below the Fermi level to the sp band above. Through constant initial state
photoelectron spectroscopy line width measurements, the hole lifetime in the copper bands
has been determined to range from 1-8x1Q-14s2S.

iii. Auger Electron Deexcitation
When a core ionized atom deexcites, two classes of behavior are evinced. In the
first, an electron with lower binding energy than the missing electron fills the empty level
and a photon is emitted in keeping with the necessary energy conservation. The
second(Auger) process as shown in figure ll.S is characterized by the emission of an
electron in the place of a photon. This two step process, as shown in this figure, was first
explained by Pierre Auger in 192526. Since the core levels of the different elements are of
different energies, the emitted electrons are element specific,i.e., they may be used to
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fmgerprint the composition of the material being probed. In solids, the energies of these
Auger electrons(=10 eV-1kV) are such that emission with any significant escape probability
is confined to the near surface region. Hence, Auger electron spectroscopy (AES) is a
valuable tool in the study of surface makeup.
uacuum Leuel

Conduction Bands

r

Core Leuels

------------~0~----------11.5. Auger Deexcitation. An empty state(not confmed to core levels) is filled and the
excess energy goes into exciting a second electron, which, if sufficiently energetic, exits
the solid

A survey of the field of AES is to be found in reference 11. Briefly, Auger
electrons are labeled such that all levels involved are indexed consistent with x-ray
nomenclature, i. e., when the initial core hole is in the A shell, the replacement electron
comes from the B shell and the ejected electron originates in the C shell, the Auger electron
is labeled ABC. When the two fmal electrons come from the conduction or valence bands,
as in a super Koster-Kronig transition, the last two labels may be replaced by a V. The
energy of the Auger electron is not just the difference in the neutral atom core level energies
but is altered due to the hole-hole interaction of the final state configuration. To a good
approximation, an Auger electron from an element of atomic number Z has energy given by
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EABc(Z)"" EA(Z) -1/2{EB(Z) + EB(Z+l) + Ec(Z) + Ec(Z + 1)

(10)

where the use of the core level energies of the Z+ 1th element crudely accounts for the final
state energy shift. The cross section for Auger processes is small compared to other
inelastic channels(see figure II.6), hence they usually appear as small intensity features on a
large background.

C. Primary and Secondary Electrons-is there a viable distinction?
A fundamental problem with using electrons as probes of surface properties is in
the distinction between the probe and product particles. Numerical discrimination is not
possible since, in some cases, more electrons exit than impinge and in others fewer
emerge.

A variety of schemes have been presented which purport to separate the

contributions of the primary electrons from the total spectrum. Those electrons which are
left over originate from within the solid and are called secondary electrons. In this section,
the general character of the electron distribution as influenced by the processes presented in
II.B will be discussed and some partially successful separation methods will be outlined.
The contributions from the different scattering events to the total spectrum of figure
ILl depends on three factors. First, the relative cross sections determine the frequency
with which each type of event occurs. The decay mode and quantity of cascade particles
generated in each process influences the number of excited electrons within a solid per
incident electron. Lastly, the energy dependent mean free path(MFP) of the excited
electrons determines the exiting electron current. Of course, any incident/exiting electron
can multiply scatter so that a simple product of the functions describing each of these three
steps by no means represents the real case.
It is possible, however, to get an idea of the relative contributions to the intra-solid
excitation spectra from each process. The cross section for a particular scattering event is
perhaps best related to experiment by expression as a MFP between collisions. A model
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based on the dielectric theory(see appendix

mhas been used by Ganachaud, et al. to

account for the various collisions in a free electron model of aluminum23. With the free
electron like bands of aluminum, this is not a major deviation from the real electronic
structure. The results are the MFPs for each process and are shown below in figure ll.6.
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Figure ll.6. Contributions to the electron mean free path: (1) electron-electron; (2) plasmon;
(3) ionization(xl/10}; (4) elastic.

It is clear that over all the energies of interest the elastic scattering cross section is
largest. Below about 50 e V, the electron-electron collisions are the next most dominant
mechanism. An even longer MFP describes the electron-plasmon excitation rate, while the
ionization cross section is lowest over virtually all the energies of interest. Upwards of 50
e V, the excitation of plasmons occurs at a higher rate than the generation of electron-hole
pairs involving the incident electron. Even though these results are at best strictly valid only
for aluminum, they may have limited application to
other materials, particularly metals.
The electron escape probability within a solid is related to the total MFP by
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I(z) =I(O)e-zA

(11)

where z is the sample normal direction and A. is the mean free path. When plotted for a
variety of elements, the locus of points describing the total MFPs as functions of energy
follows a single curve as seen in figure ll.7. This suggests that while the relative
contributions of the different mechanisms to the total MFP are element specific, they are
likely to exhibit behavior similar to those of aluminum. Hence, it not unexpected that the
total scattered electron distribution curves for elements with very different chemical
properties are fundamentally the same.
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Figure ll.7. Electron mean free path as function of electron energy for various elements27.
The distribution may be divided into three regions. The quasi-elastic peak centered
on the primary electron energy defmes the fli'St. Above the low energy cascade, or region
ill, lies the relatively flat region ll on which plasmon loss and Auger emission features are

superimposed.
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Many of the initial theoretical attempts to describe the shape of the low energy
electron cascade were typified by the use of unphysically simple exponential absorption and
mean secondary electron creation depths. Wolff was the first to attempt to accurately
describe the cascade process28. Using the Sommerfeld model of a metal, which is no more
than the Drude model with a Fermi-Dirac velocity distribution of electrons, he showed that
for electrons in the solid with energies below 50 e V scattering from a lattice electron is
predominantly s-wave in character. Thus, in the center of mass system, the scattering is
spherically symmetric and on average an electron loses half its energy per collision. His
result, as later modified by Streitwolf29, for the number of electrons emitted at the
secondary energy Es is just
N(Es) a (Es +~)-X
with~

(12)

being the work function and X a material dependent experimentally determined

parameter. It has been shown28 that for silver and copper this power law faithfully
describes the cascade electron shape with X values of 1.6 and 2.0 respectively. We
mention this result since it is the basis for the formal spin scattering theory of section
II.D.ii.a.
In more sophisticated treatments, the allowed interband transitions along with the
real plasmon decay modes must be specifically included. Unfortunately, the different
plasmon decay channels, i.e., one or more electron-hole pair excitations, must be weighted
using a fit to the experimentally determined secondary electron yields23. In the Wolff
model, all these mechanisms are rolled into the material dependent X factor.
Since secondary electron yields are often points of comparison for any model that
attempts to
treat the cascade process, it is necessary to give a proper definition. For low energy
electrons, the true secondary yield is defmed as30
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0

I s -Iref

o-oref

true-I -1 P ref 1-oref

(13)

where I8 is the total secondary electron current, Ireris the reflected(elastic and inelastic)
electron current and Ip is the bombarding current. Typically, Otrue has a value near 1.0. It
cannot be overemphasized that the distinction between the secondary and reflected currents

o

is not absolute. Experimental determinations of date back to the 1920s and the heyday of
vacuum tube technology.

At the high energy end of the cascade, some mixing with the

region ill electrons occurs so that the power law is no longer applicable. Aside from the
perturbations to the spectrum as previously mentioned, the distribution over this energy
range is composed almost exclusively of primary and conduction electrons inelastically
scattered through electron-hole generation.
One of the first separation techniques was developed by Stehberger in 192831.
When the primary electron energy is ~1 kV, the low energy cascade is well separated from
the elastic peak. His assumption was that the relatively flat region II electrons contribute
negligibly to the total spectrum, so that at low energies an integrated spectrum would only
begin to rise when the cascade electrons start to contribute to the total intensity. Thus, by
extrapolating the high energy current to the low energy end of the spectrum and
subsequently subtracting this primary electron contribution from the total spectrum, he
would 'separate' the true secondary current from the rediffused primary current. The
physical basis of this technique is that at high energies, the 'hot' primary electron is
distinguishable from the Fermi-sea electrons and thus only weakly interacts( scatters) from
the lattice electrons. At low primary electron energies, however, interaction with the crystal
electrons becomes strong enough that this type of separation is no longer viable.
A more modem technique was proposed by Skinner et al. in 197232,33. The basic
idea is that the vacuum kinetic energy of the true secondary electrons, which after all
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originate in the solid, would be insensitive to small perturbations in the exciting electron
energy. Conversely, any inelastically scattered primary, or characteristic loss electrons
would exhibit a change in their kinetic energy as the primary electron energy shifts. The
kinetic energy shift measurements were effected in practice via modulation of the electron
gun accelerating potential and phase sensitive detection of the oscillating secondary electron
current In this manner they were able to identify the final state emission points in the band
structure of graphite from the secondary electron spectrum and to observe that these
interband transitions were consistent with optical selection rules13.

D. Spin Effects
All of the previous discussion ignored the spin angular momentum, i.e., "spin", of
the electron. Since electrons are Fermions, their total wavefunctions must be manifestly
antisymmetric. Thus, any single electron-electron scattering event possesses some spin
dependence, although the net effects may cancel. However, when a spin imbalence exists
somewhere in the scattering system, the results become orientationally dependent. The
nonzero net spin may exist in either the sample, e.g., a ferromagnet, or in the probe beam,
with a spin polarization defmed as

I -I
p - up down

(14)

- Iup +Idown

where 'up' and 'down' are defmed with respect to some arbitrary quantization axis, and Iup
and loown are the respective component intensities of the beam.

i. Spin-orbit scattering34
Electrons are not 'idealons' so that in reality the spin may couple to other momenta
within the solid during the scattering process. In fact, every electron which executes an
orbit about a lattice atom undergoes some amount of spin-orbit scattering, provided it has a
non-zero component of angular momentum parallel to the electron spin. This type of
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scattering introduces a spatially anisotropic spin-polarization in the product electrons.
Additional information on the particulars of spin-orbit scattering are to be found in section
ITI.D. We may expect that those secondary electrons which arise from an isotropic
distribution within the solid, e.g., such as from Auger deexcitation or plasmon decay, are
less likely to have undergone such electron-ion scattering since -1/2 of the electrons with
such an origin have initial momenta consistant with exiting the solid. On the other hand,
the primary electrons must scatter(at least once) around a lattice atom or undergo large angle
electron-electron scattering to exit the crystal. Hence, the strongest spin-orbit scattering
should be present in regions with the most rediffused primary electrons.
In the scattering geometry utilized in the following experiments, we can expect
spin-orbit scattering to introduce an intensity asymmetry in the scattered and emitted
electrons. However, in a geometry in which the spin component Gz lies in a scattering
plane that is also a mirror plane of the crystal, time reversal requires that the spin-orbit
interaction be suppressed to first order35. The contributions to the spin-orbit asymmetry
from the true secondary electrons in the case of a paramagnet, e.g., copper, should be a
static value, irrespective of the exciting beam's polarization. This follows directly from the
defmition of a true secondary electron. Ferromagnets, on the other hand, may exhibit a
large true secondary electron spin-polarization due to the net spin-polarization of the
electrons present at the Fermi level. Indeed this behavior has been documented in both
spin-glasses and single crystal ferromagnets7,36. At secondary energies s; 5 eV, the spin
polarization reaches anomalously high values which may be explained through the use of
spin-dependent MFPs brought about by the strong exchange scattering present in these
materials.

ii. Exchange Scattering
Electron-electron collisions fall into two categories. In direct scattering, the
primary, or source, electron is also the exiting particle. Exchange scattering occurs when
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the detected electron originates from the scattering medium. When it is impossible to
ascertain the origin of the detected electron, interference between the amplitudes which
describe the exchange and direct scattering events results. The exchange process is
additionally characterized by the electron's final spin state. If the exchange scattered
electron's spin is (anti) parallel to the primary electron, then spin exchange (with)without
'spin-flip' has occurred. This 'spin-flip' is not a real flip(See section m.D) in the sense of
spin-angular momentum precession. The different processes are illustrated in figure II.8.
The means used for the detection of exchange scattering depends on the material in
question. Solids with spin degenerate bands(paramagnets) require an incident spin
polarized beam and an electron polarimeter to detect the final spin state since, as is shown
below, exchange scattering with spin-flip causes the exiting electron's to have a different
spin-polarization than the exciting beam. Ferromagnets, on the other hand, have their spin
symmetry broken such that an unpolarized incident beam may be used as the source of
electrons with the emitted electron spin-polarization monitored as before. Even for a
ferromagnet, however, a complete experiment requires the polarized electron source. In
this thesis, the solids studied are all paramagnetic, so that the theoretical development will
focus exclusively on this type unless otherwise noted.
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a

b

c

d

Figure ll.8. Schematic of electron-electron scattering processes. (a)direct scattering from
electron of same spin. (b) exchange scattering with electron of same spin. (c) direct
scattering from electron of opposite spin. (d) exchange scattering with electron of opposite
spin. Processes a,b and c contribute to the factor N of section II.B.ii.b., while process d is
responsible for the strength of F.
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To date, no calculation of the spin-polarization of inelastically scattered electrons
from paramagnetic surfaces has been published, although the necessary formalism has been
presented by at least two authors. In defense of the theoretician, it must be noted that such
calculations are extremely complex. After all, they are in effect spin-polarized LEED
calculations with every inelastic event explicitly accounted for37. In light of this deficit, a
semi-phenomoligical treatment will follow the full fonnalism.

a.Formal Theory
Here I shall outline the formal theory as given by Penn38 . The different types of
electron-electron collisions may be diagramed as below in figure ll.9.
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Figure ll.9. Diagram of electron-electron scattering via a spin-conserving potential. Solid
lines represent electrons and dashed lines the coulomb interaction. Direct electron
scattering(a) and exchange(b)-both from an electron with the same spin(a) as the incident
electron. Direct scattering from an electron with opposite spin(c) and exchange scattering
with spin flip(d).
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Now, each diagram corresponds to a matrix element

.. ,J>'CJ ko'

M

•

pa,k'-'
u

=<p'cr' kcr'IVfnn' k'cr' >
t""''

(15)

where V is a spin conserving(no spin-orbit) screened electron-electron interaction such that
the spin is a constant at each vertex of the Feynman diagrams. The incoming and scattered
electrons are represented by free electron-like wave functions, so that they may be indexed
by
-l!lpl = [

~]

1/2

(16)

The intrasolid electrons are denoted by their band index k, and cr is the electron spin(cr = i
or.!.). From the diagrams, it is clear that fig. ll.9(a) and 11.9(b) describe direct and
exchange scattering for electrons of the same spin, fig. ll.9(c) direct scattering for those of
opposite spin and ll.9(d) spin-flip exchange scattering.
The probability that an electron in the state (p',cr) nonflip scatters to produce an
electron in the state (p,cr) is

-

2:Tc ~
p'a,ka2
+T""'f-(Eic)[l-f-(1\.)]IM
_, a(E +E --E -E -)
I

'u

k,k'G

a

pa,k'a

pa

ka pa k'a

(17)
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where

a is the opposite spin to cr and f

0 (Ek)

is the Fermi occupancy function(= 1 or 0) of

the electrons in the band k with spin cr. The corresponding scattering rate for the spin-flip
process is given by

,

-

21t "'~

p'a,ka 2

£«:p ,cr;p,cr) =-;r-.u-CEk)[1-f (1\.)]IM
11

a

k,k'O'

-1 O(E , +E --E. -E-)

k'a,pa

pa

ka ka

(18)

pa

At this point, Penn takes a spatial average of the scattering rates under the proviso
that any fine structure due to elastic scattering(which is lost in the averaging process) makes
little contribution. However, it has been shown that the fine structure present at low
energies in the inelastic electron spectrum is due entirely to the low energy electron
diffraction intensities and may not be negligible in some ferromagnets39.
In the limit of 2!1ly single scattering,i.e., small energy loss, we may evaluate the
resultant spin-polarization for a totally polarized(P0 = 1) incident beam as

POUT= ro(p',cr;p,cr)-ro(p',cr;p,c:>

(19)

ro(p',cr;p,cr) + ro(p',cr;p,cr)

with the rates as given above. PoUT must be weighted by P0 when a partially polarized
electrons are used. This form of the equation is not very useful unless the summation over
all allowed k states is done. So, we are now returned to the need for a spatial average if

any information is to be easily extracted.
Prior to proceeding with the average, the reality of multiple scattering and the
subsequent cascade this produces must be treated. Here, Penn follows Wolffs formalism
in using a Boltzmann transport equation to describe the cascade process due solely to
electron-electron collisions. All collective excitations are completely ignored. In the small
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energy loss regime of materials which support strong plasmon excitations, such a
simplification becomes important since this is where the plasmon losses occur, while at low
electron energies this is not of such importance since most plasmons decay by single
electron-hole excitation, i.e., the end result is a scattered electron. Hence, the scattered
current at these energies will not change drastically through the plasmon creation and
annihilation process, but the memory of the spin of the exciting electron should be lost in
the process.
The steady state spatially independent electron distribution function is
f{p)/t(E) = S + Lf(p')ro(p',p)

(20)

p'

where S is the source function which describes the rate at which electrons are injected into
the solid. It should be noted that ro(p',p) explicitly accounts for the electrons scattered
down top from p' as well as the electrons scattered from the occupied states top. We next
defme the isotropic lifetime

_!__=!!....!.__
t(E)

(21)

m A(lpl)

where A. is the mean free path and lpl is as obtained from equation (16).
Taking the spherical average of f and ro gives the spin independent energy(not
momentum)dependentequations
00

f(E)/t(E) ='S + JdE'p(E')f(E')W(E',E)
E

and

(22)
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Jdn

W(E',E) = --co(p',p)
41t

(23)

where S is the spherical average of S and p(E) is the density of free-electron like states of
the electrons with momentum p. Multiplying eq. (22) by p(E) and defining
Lf(p) =JdE N(E)

(24)

p

with
N(E) = f(E)p(E)

(25)

being the number of secondaries per unit energy range, it is possible to defme
00

'!(E)= S(E) + JdE''JI(E')F(E',E)

(26)

E

and
F(E',E)

= W(E',E)p(E)t(E')

(27)

as the probability that an electron at E' is scattered and an electron is scattered to E. The
corresponding spin-dependent equations with cr(=i or ,J..) are just
00

'JI0 (E) =S0 (E) +

L JdE'JI ,(E)F
0

0 ,0 (E',E)

(28)

a'E

and
Fd

o

='t_,(E')p
(E)W(E' ,cr';E,cr)
u
o·

(29)
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is now the probability that an electron with spin cr' and energy E' is scattered and an
electron is scattered to spin cr and energy E. N0 (E) is the number of secondary electrons
per unit energy with spin cr and lifetime t 0 (E) given by

E'

1
td(E)

=.!.LfdEp
2

tEp

(E)W(E',cr';E,cr)

(30)

(J

The spin-polarization of the scattered electrons P(E) is given by
P(E) ='If-fV+

(31)

where

which, when expressed in terms of the transition probabilities are
(33)

and
00

with
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Calculation of the relevent transition probabilities is done by Penn in the random k
approximation for Fe and Ni surfaces. Strictly speaking, this simplification is valid only
for an angle integrated experiment or structurally disordered system, such as a spin glass.
For the theoretically spherically averaged rates, however, this model is fully justified. The
random k approximation is implemented by taking the matrix elements of eq.(15) to be
dependent only on the energy difference of the initial and fmal states. Furthermore, any
cross terms are ignored by Penn on the grounds that they are small. The random k
spherically averaged scattering probabilities are just

21cfde{p~(e)p a(E'-E+e)[IM(E'-E)I
>
2
W(E',cr;E,cr) =:::tf
+ IM(E-e)l 2,J
+p~(e)p?(E'-E+e~M(E'-E)I 2 }
a

(36)

a

and

-

2

W(E',cr;E,cr) =:f'Jdep~(e)p>(E-E+e~M(E-e)l
a

a

2

(37)

where the matrix elements are to be designated by the appropriate band labels for the states
involved and the densities are defined as
p< =f p

a

a a

(38)

Thus, p< is the density of occupied states and p> the empty density of states. As
previously mentioned, the actual calculation for non-ferromagnetic surfaces has not been
done, but one important feature becomes apparent from theW's. Namely, the probability
depends on the product of densities, i.e., the joint density of states. Hence, we only expect
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the flip probability to be large when the product of the empty and occupied densities of
states of different spin is nonzero for a specific loss energy.
Due to the random k approximation, no angular dependence may exist in the
calculated P(E) spectrum. However, it is simple to see that since the density of states

pa

1

(40)

IVkE(k)l

has the largest contributions for the denominator small, i.e., where the bands are flattest in
k space, that the electrons which participate in the spin-flip process most likely originate
from these regions provided the momentum parallel to the surface is conserved to within a
reciprocal net vector.

b.Semi-Phenomological Model
It is apparent that even without a spin-dependent potential a simple model for
extracting useful information on the spin-effects present in electron scattering is necessary.
The following model closely follows the work of Kirschner and Hopster9.40. This model
assumes three different scattering channels without any explicit interference between them.
An electron may 1. scatter from an ion core, possibly resulting in a spin-orbit asymmetry,
2. scatter from a Fermi-sea electron with the exiting electron having the same spin as the
incident electron or 3. electron-electron scatter such that the exiting electron possesses the
opposite spin to the primary electron. The distinction between processes 1 and 2 is at best
artificial, since a more realistic picture is one in which the incoming electrons scatter around
an ion core first and then scatter from one of the conduction band electrons or vice versa.
This picture is consistent with the model which best predicts the SPLEED spinasymmetries from ferromagnets35. However, it is difficult to treat the interference terms in
a simple model due to the ambiguity of the order of the electron-ion core and electronelectron scattering events. One additional drawback is that it ignores the 'true' secondary
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electrons and thus loses validity below the onset energy of the cascade. However, this
model does account for the spin-orbit induced asymmetry, a feature missing in the
'complete' formalism.
Provided the scattering plane is a mirror plane41, the effect of spin-orbit scattering
may be characterized by spin-dependent reflection coefficients. A totally polarized electron
beam will scatter with intensity given by It =R+Jot, while a spin down beam obeys the
analogous expression I!=R-Jo!. Upon spin reversal, the intensity asymmetry for totally
polarized incident beams, with Iot

=Io! is just

A=

It-I!
It+ I!

=

R+-R-

(41)

R+ + R-

When a partially polarized(real) incident beam is used, the spin up and spin down
currents are just Iot!=(l±Po)Io/2 and the measured currents are It(P0) +I!( Po) and rt(-

P0) + J!( -Po). The intensity asymmetry becomes
+

-

A=P R - R
0 +
R +R

(42)

where is is clear that in a real measurement it is necessary to divide by the incident beam
spin-polarization in order to recover the result for totally polarized incident electrons. The
polarization of the scattered electrons is
(43)

where A is given by eq.(41)
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The electron-electron collisions which may result in an electron-hole pair, are
differentiated by the spin of the scattered electron, i.e., if the exiting electron has the same
spin as the incident electron the electron-electron scattering is nonflip and occurs with
strength N, as contrasted with the similarly defined spin-flip process with a strength F. In
ferromagnets, the flip and nonflip rates should depend on the incoming spin's orientation
with respect to the sample magnetization. Hence the magnetization up and down
coefficients are N+, N-, F+ and F-, where the superscript indicates magnetization up or
down with respect to the spin quantization axis.
In the ferromagnetic system, there are eight different scattering intensities
corresponding to four different incident beam spin-magnetization permutations with two
spin currents for each combination. The different intensity normalized currents are
summarized as

where a,(3 and 'Y =±1 for spin up or down intensity, magnetization up or down and
incident beam spin-polarization up or down.
The corresponding polarizations are just

')4POI(l- ~) + 4R + (3(4N -4F)
P ("f)=
1:
I
p
1 + ')4P01 4R + (3(4N + 4F)
I

(45)

where F=F++F-, AN=N+-N-, 4R=R+-R-, AF=F+-F- and I=R++R·+N++N·+F++F-. For
each magnetization direction we have an intensity asymmetry analogous to eq.(41)
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A = AR +~(AN+ AF)
~
I

(46 )

which in SPLEED, are the measured intensity asymmetries from which the exchange
asymmetry, AEX, may be calculated according to42

A -A

~= +2 - =

AN+AF
I

(47)

which may be evaluated in the elastic limit for a saturated ferromagnet. Saturation means
that majority states lie below the Fermi level and all minority states above the Fermi level.
Hence, elastic spin exchange with flip is not possible. Elastic spin-exchange without spin
flip or direct scattering,however, is possible and this type of scattering is the source of the
exchange asymmetry in SPLEED. In an unsaturated ferromagnet, the exchange asymmetry
is due to some mixture of the flip and nonflip scattering events.
In the paramagnetic limit(N+=N-=N/2 and F+=F-=F/2), the spin-polarization

reduces to

where it is generally necessary to measure the intensity asymmetry A in addition to the
electron spin-polarization in order to extract the depolarization factor [1-F/l:]. When A-o,
i.e., R+=R-=R/2, the polarization reduces to
P=P R+N-F
0R+N +F

N'-F
PON' + F

(49)
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with the definition of N'=R+N is made since there is no way to distinguish between a
reflected(spin-conserved) electron and a non-flip scattered electron(or combinations
thereof).
Hence, low Z materials may be directly analyzed through the use of this model
since it is well known that the spin-orbit contribution to the measured polarization is small.
High Z materials, on the other hand, must have A measured directly so as to be shown
negligible or to extract it from the measured spin-polarization.
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III. Apparatus
Most components of the apparatus are housed within two separate mu-metal
shielded differential-ion pumped stainless steel 304 chambers as shown in figure ID.l.
The main experimental chamber additionally possesses a titanium sublimation(TSP) and a
small turbomolecular(TMP) pump.The TMP serves to maintain two differential seals at
high vacuum(-l0-9 torr) and to exhaust the main chamber following noble gas ion
bombardment (sputtering) of the sample . The spin-polarized electron source(SPES)
chamber is separated from the main experimental chamber via an in-line angle valve. The
SPES chamber houses the GaAs photocathode and much of the electron transport optics.
The isolation is necessary since pressures greater than -tQ-10 torr, which are present during
sputtering, destroy the source cathode's ability to emit The main experimental chamber is
split into two levels with the upper containing the facilities for sample preparation and
characterization and the lower level housing the polarized electron beam line and Mott
polarimeter.

A. SPES
To be useful as a surface probe, a source of spin-polarized electrons must meet
several criteria. First, it must present no additional reactive gas load to the experimental
chamber lest contamination become a problem. Second, its operation needs to be basically
routine and easily achievable since it must be used in synchronization with the relatively
short lifetime of a clean surface. Finally, the spin-polarization must be stable in time,
although decay in current is permissible. This last condition arises since, while the
efficiency of measuring intensities is high and requires little time, the efficiency of spinpolarization measurements is generally poor making real time source polarization
monitoring impractical.
The GaAs photoemission source of spin-polarized electrons developed by Pierce et
al. in 198()43 meets all these requirements. The ultra-high vacuum(UHV) environment
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Figure ID.l. Schematic of the apparatus.
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necessary to create a stable photoemitter ensures that any subsequent coupling with other
UHV chambers presents no pressure difficulties. The cathode activation procedure is
relatively straightforward and with a current decay constant of hours and a very stable
output polarization, this source has found widespread use. This apparatus employs a GaAs
source design nearly identical to that as originally delineated.
Spin-polarized electrons may be photoemitted from a negative electron
affmity(NEA) GaAs surface by taking advantage of certain dipole allowed transitions from
the spin-orbit split valence band to the conduction band.

GaAs is a direct gap

semiconductor, so the minimum energy point in the conduction band lies directly over the
maximum energy point in the valence band with an energy difference of 1.52 e V at T = 0
K. This gap is located at the r point(center of the Brillouin zone) in the band structure.
At this point, the valence band is split by spin-orbit coupling into a fourfold
degenerate P3!2level and a twofold degenerate P 1!2level which lies .34 eV below the upper
level. The conduction band possesses S 1!2 symmetry, so it is twofold degenerate. Dipole
selection rules state that for positive(negative) helicity light allowed transitions must have
.1mj =+1(-1). By using circularly polarized light, electrons with a preferential spin
orientation may be selectively excited from the valence to the conduction band Figure m.2
shows this process schematically along with the relative transition rates. For 1.52 e V
photons, it is clear that theoretically allowable polarizations of ±50 % are possible. In
practice, this source has an output electron spin-polarization of ±26 ± 2%.
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Since the bottom of the conduction band lies below vacuum level, 1.52 eV photons
are not energetic enough to enable emission directly into vacuum. According to the three
step photoemission model of Spicer44, a photoelectron first is elevated to an excited state
within the solid by photon adsorption, diffuses from the point of adsorption to the surface
and lastly is emitted into the region immediately outside the surface. Thus, by lowering the
conduction band energy relative to the vacuum level at the surface, electrons excited into the
conduction band within the 1mlk may diffuse to the surface and be emitted if they have
undergone no significant energy loss. Such a surface is said to possess negative electron
affmity. In practice, the work function is lowered at a GaAs(100) surface by application of
cesium and oxygen to near monolayer coverage. To insure that sufficient charge carriers
are present for steady state photoemission,

p -type doped crystals with dopant

concentrations of -1019/cm3 are used.
The lower than predicted spin-polarization is most likely due to spin relaxation upon
scattering from defects as the electrons are transported to the surface. The skin depth of the
exciting radiation is about 1 micron, while the bulk GaAs electron diffusion length is only
-.5 micron43, suggesting a significant probability of collision before emission. This
argument is supported by recent work of Maruyama et ai45. , in which a 20% increase in
spin-polarization to approximately 49% was seen upon going from .9 to .2 micron thick
GaAs films epitaxially grown on GaAl As buffer layers.
An important feature of this source is that the electron spin orientation may be
readily reversed by simply reversing the sense of circular polarization via an active
retardation element in the optical path. Such switching is accomplished by applying a
reversing voltage(-±2500 V) across a pockels cell. Additionally, these helicity changes do
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not affect the intensity or path of the exciting radiation and hence do not perturb the
intensity or trajectory of the exiting electrons.
A schematic of the source appears in the apparatus illustration(Fig. ID.1). The
optical excitation is provided by a GaAlAs diode laser which emits at 807nm with a
maximum power of 15mW. Diode lasers are typically spatially divergent light sources, so
an aspheric lens is used to collimate the beam. A beam expander(not shown) serves to
further reduce the beam waist. The well collimated beam next traverses a linear polarizer
and subsequently passes through the pockels cell and comes to a focus at the GaAs surface.
The ejected electrons, which are longitudinally polarized, are then extracted,
electrostatically deflected to effect a change to transverse polarization and accelerated and
transported to the sample. Typical extraction currents at the photocathode are 10 J.l.A,
evidence of high quantum yield. After transport, sample incident currents are -2 x 1Q-8A, a
value which is often too large for the present application. The electron current may be
moderated by reducing the laser diode power supply output or by the insertion of neutral
glass filters in the optic path.

B. Main Chamber
The main experimental chamber serves to permit the preparation and
characterization of sample crystals in addition to housing the apparatus necessary for the
actual experiment. From figure ITI.1, it can be seen that there are two foci at each level.
This feature permits a greater concentration of bulky devices on each level than would be
possible otherwise without resorting to many complicated translation stages.
The upper level is specific to sample preparation. A commercial ion gun capable of
providing beam energies of up to 3 keV is used for sample sputtering. The quadrupole
mass spectrometer possesses specific leak detection capabilities in addition to normal
residual gas analysis monitoring. The nude ion gauge measures the total pressure. The
evaporators are of three types. A resistively heated crucible type is used for the gold
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evaporation. The second is a commercial SAES getter type Cs dispenser mounted on two
copper feedthroughs.

The third utilizes electron beam heating.

Total adsorbate

depositions are measured using a quartz thin film thickness monitor(QTM). Surface
crystallinity and overlayer structure are ascertained with the use of a reflection high energy
electron diffraction(RHEED) gun and fluorescent screen.
The lower level contains the spin-polarized electron beam line exit centered in a set
of hemispherical grids and LEED screen, thus permitting LEED measurements to check on
surface structure. Two mutually perpendicular steering plates provide fine steering of the
low energy electron beam across the chamber. The Mott polarimeter is located on this level
as are a 3 keV unpolarized electron gun and a leak valve for admitting controlled amounts
of gas into the chamber.

i. Manipulator
All samples are mounted on a custom designed manipulator which incorporates a
commercial XYZ translation stage with tilt. Motion is provided about two axes. The
crystal can be rotated through the standard crystallographic direction, 8, in a range of -5° to
+ 185°. This crystal rotation axis is offset from the main manipulator assembly axis by
1.7 5". Rotations about the main shaft access the two focal points within the main chamber.
The entire manipulator assembly is mounted on a long throw stainless steel welded
bellows, facilitating sample translation between the two chamber levels.
The sample is clipped to a molybdenum can with an internal tungsten.fllament for
heating. Cooling is provided through four copper braids attached to an OFHC copper
cooling block. Sapphire is sandwiched between the two and simultaneously acts as an
electrical insulator and a high temperature thermal switch. Thus, when the sample is
heated, the cooling block maintains a low temperature so as to facilitate rapid cooling. A
typical cooling curve is shown in figure ID.3. The sample can be cooled to approximately
150K.
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Figure ill.3. Temperature vs. time of Cu sample after heating to 480°C.

ii. CMA
Chemical analysis of the target surface is performed by Auger Electron
Spectroscopy(AES). In general, the Auger electron peaks are small features superimposed
on a large background and need to be emphasized during collection by signal
differentiation. This may be accomplished by periodically modulating the electron
spectrum signal. In this mode, the electrons emitted by a 3 keV electron beam impacting on
the sample surface are collected in a commercial cylindrical mirror analyzer(CMA) with
coaxial electron gun. Electrons originating from the exciting beam impact zone and
traveling at an angle of -42.3° from the axis of the gun may enter a gap between two
coaxial conducting cylinders. A radial electric field exists between them such that for a
given field(voltage) only electrons of a given energy may pass and be focused and collected
at the mirror point with respect to the cylinder axis bisector. The resolution, or energy
width of the analyzer is given by46

t£/E

= 1.09w/l

(1)

where w is the on axis length of the emission region and 1 is the source to detector distance.
Clearly the CMA functions as a bandpass filter. Thus, for a given energy, the
measured current, I (E), is just
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E+AE/2

I(E) = JN(E)C'(E)dE

(2)

E-AE/2

where C'= collection efficiency of the CMA and N(E) is the number of electrons emitted
per unit time. For small.&E, the integral is approximately C'N(E)AE. From (1), it is clear
that geometry defines the constant energy resolution, .&E=~E. Now, I(E) = C'~N(E)E =
CN(E)E.

We desire the quantity dN/dE, so differentiating I(E), we have

dl/dE=CN(E)+C(dN/dE)E = dN*/dE, the expression usually presented as dN/dE in the
literature. While the peak positions for this expression are the same as for dN/dE, it should
be noted that this expression overemphasizes the differential Auger spectrum for large E
and for large N(E).
The actual differentiation is done in an analog mode by applying a small modulating
voltage to the outer cylinder. Upon expanding the applied field(pass energy) in a Taylor
series, we obtain
I(E)=I(E0) + [dl/dEIEo](.&E)+ ...

(3)

Neglecting terms of order (AE)2 or higher, E=Eo + E'sinrot, and only the portion of the
signal which oscillates with frequency co, is detected with a lock-in amplifier. Thus

dN*/dE is immediately obtained.

iii. RHEED
When a electron beam with energy of order 10 keV is incident upon a surface at a
grazing incidence angle, the reflected electrons will probe only the near surface region since
the normal momentum component is comparable to that of LEED energy electrons.
However, the high energy and different geometry ensures that reflection high energy
electron diffraction(RHEED) probes a different portion of reciprocal space than LEED.
Direct imaging of the diffraction pattern utilizing a simple fluorescent screen is possible due
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to the high electron energies. A review of this technique may be found in reference 16.
For a representation of the relavent scattering geometry and associated Ewald construction
see figure ID.4.
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Figure lll.4. (a) Scattering geometry for RHEED. (b) Ewald sphere construction.
Typical RHEED beams have a coherence width of •

sooA.

Thus, in areas

separated by more than this distance, diffracted intensives add. In other words, this
technique is phase insensitive to extreme long range structural disorder. The presence of
defect induced disorder has two consequences.

First, the scattered electrons from

randomly located defects contribute to a high background signal.

Second, the

randomization of the structure within the coherence area has the effect of widening the
diffracted spots into streaks, in much the same way as LEED beams become broadened.
That RHEED patterns from the most carefully grown metal single crystals always show
such a pattern is indicative of the difficulty in achieving long range order greater than sooA
at metal surfaces.Severe islanding of the surface leads to a (backscattered)transmission
electron micrograph type pattern since the islands behave equivalently to thin three
dimensional crystals. Complete structural corruption on the scale of the coherence area is
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of course signaled by a large amount of diffuse scattering and a lack of a well defined
RHEED pattern.

iv.Quartz Thickness Monitor
Growth of overlayers with thicknesses greater than - 1 monolayer may be
monitored by measuring the frequency shifts induced in a vibrating quartz crystal upon
overlayer deposition. In this technique, a thin quartz crystal is driven to oscillate at an
unloaded frequency of- 6Mhz(6.050 Mhz in our case). The presence of additional
material deposited on the crystal causes a frequency shift. If the quartz-fllm composite is
treated as a one dimensional compound acoustic resonator, the film thickness is given by47
Tf = (NJlql~fcZ)tan- 1 (Ztan[7t(fq -fj/fq])

(4)

where,

z = (dqJ.Lgfdfllf)l/2

(5)

is the acoustic impedance and Nq is the frequency constant of the quartz.

dq and dr are the

quartz and film densities respectively. The resonance frequencies of the clean and loaded
quartz crystals are given by fq and fc. The quantities J.1f and J.lq are the shear moduli of the
deposited film and the quartz crystal in that order.
The above formulation is based on the assumption of unity sticking coefficient, i.e.,
all particles impinging on the QTM .a,w1 the sample stick. For most low vapor pressure(at
room temperature) metals, this is a reasonably good approximation. However, spatial
variation in the evaporant source can lead to highly erroneous thickness measurements.
This problem is overcome by the mounting the sensor head on a translation stage. With the
sample manipulator lowered, a QTM measurement is taken at the location the sample
normally occupies during evaporation. The monitor is then retracted such that it just clears
the sample mount and a new measurement for the same time interval is recorded. In this
way, the so-called tooling factor may be calculated to insure proper total deposition
calibration.

47
v. Mott Polarimeter
The Mott polarimeter34 exploits a spin-orbit induced spatial asymmetry in the high
energy quasi-elastic scattering of electrons from high atomic number elements as a means
of measuring spin-polarization. The figure of merit, defined as S21/lo, of all free electron
polarimeters is typically low, i. e., S:I0-4. Here, S is the analyzing power(Sherman
function) of the polarimeter, Io is the current incident on the polarimeter target foil and I is
the scattered current that is detected. Of course, if electrons were neutral particles, it would
be possible to separate ensembles with different spin-polarizations using an
inhomogeneous magnetic field and directly measure their relative intensities; however, the
Uncertainty Principle precludes use of this method in the case of charged particles.
An electron in a nonzero angular momentum state and subject to a spatially varying

potential field experiences a spin-orbit induced shift in energy given by the expression

u=

t {t dv)s·L

2 2
2JlC

(6)

rdr

where Jl is the electron mass, c is the speed of light, r is the radial coordinate defmed with
respect to the source of the potential and V is the nonuniform potential field. S and L are
the spin and orbital angular momentum vectors respectively. Classically, this interaction
may be explained as the dipole interaction of the electron magnetic moment(antiparallel to
the spin) with an effective magnetic field present in the rest frame of the electron. In a
central field, e.g., coulombic, the expression for the energy may be written
U=

Ze2S•L
2 23
2Jlcr

(7)

where Z is the atomic number of the scattering nucleus and e is the electronic charge. For a
hydrogenic atom, it is fairly straightforward48 to show that u a z4. Thus, elements with
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high atomic numbers are preferable for use as targets when it is desired to maximize spinorbit effects. An example of the effective potential is shown below in figure ID.5.
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Figure m.5. Spin-orbit potential(dashed lines) and bare coulomb potential(solid line). The
diagrams to the right and left refer to positive and negative angular momentum,
respectively. The arrows next to each dotted line represent the electron spin orientation.

It can be shown34 that the total cross section for spin-polarized electron scattering
from individual nuclei is given by
o(9) = I(9)[1 + S(9)P(9)•n]

(8)

where I(9) is the total scattered intensity at the angle 9, S(9) is the Sherman function, or
analyzing power of the scatterer, P(9) is the vector describing the spin-polarization and n is
the vector normal to the scattering plane. The relavent geometry is shown in figure ID.6.
It is immediately apparent that a difference appears in the number of electrons scattered to
the same angle for different values of P. For a given P, there exists a spatial asymmetry in
the number of electrons scattered into the same angle, but with the opposite orientation of
n(left or right of the nucleus). Additionally, the cross section is largest for P•n = IPI, i.e.,
for polarization vectors transverse to the scattering plane.
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X

Figure m.6. Scattering of a polarized beam.

With a small bit of algebra, it becomes clear how to extract the transverse
polarization component(herein referred to as the polarization or P)i.e.,

=

1(9)[(1+PS)-(1-PS)]

(9)

1(9)[(1 +PS)+(l-PS)]

where NL and NR are the numbers of electrons scattered to the left and right, respectively,
of the scattering nucleus for a given angle in a given time interval. After rearrangement,
1 NL-NR
P=S(9) NL+NR

(10)

where any instrumental asymmetries have for the present been neglected. In practice, the
instrumental asymmetry is measured and the polarization corrected by the procedures that
are discussed in section N.C.
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It is obvious that large values of S are necessary to minimize statistical error.
Calculations using the scattering potentials of gold nuclei show a maximum in the Sherman
function at 8

= 120°

for electron energies of 120 keV. Inconveniently, target foils

containing large numbers of gold atoms result in some multiple scattering. The connection
between the single scattering theory and experimentally useful gold foils is usually made
by extrapolation to zero foil thickness. Calibrations in this manner are at best good to an
absolute value of ±5%. Several techniques have been recently implemented which claim
absolute calibrations of ±2%49,50. Early generations of Mott polarimeters operated at the
rather inconvenient energies of =100keV until the advent of the retarding field type of
polarimeter at Rice University5 1• Subsequent generations of these devices have decreased
in size and operating voltage with a relatively minor decrease in the total efficiency of the
detector
The polarimeter used during this work, shown in figure Til. 7, is designed to
operate with an accelerating potential of 20 keV, although it was commonly operated at 15
keV with little decrease in the figure ofmerit52. The details of the design of the polarimeter
along with its coaxial lens system and retarding potential analyzer(RPA) are to be found
elsewhere. A brief description of its operation is as follows. Electrons which enter the
front aperture traverse a field free region since the first grid of the analyzer is at ground
potential, as is the outer wall of the polarimeter proper. Grids 2 and 3 are in electrical
connection so as to form a nearly uniform retarding field between them. Electrons with
sufficient kinetic energy to pass through this field are accelerated and focused by lenses 1
and 2, which operate at 1.2 and 1.0 kV respectively. The third lens element and the inner
dome perform the final focusing and acceleration of the electrons to the gold foil target.
The resultant quasi-elastically scattered electrons are collected by channel electron
multipliers placed at angles of 120° from the initial beam axis if they have undergone energy
losses no greater than the voltages on the exit aperture and channeltron front cone permit.
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Typically, an energy loss window of 1.3 kV is used, which yields a scattering efficiency of
1.75xl0-3 and a figure of merit of 2.0x1o-s.
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l\';k~~~~~~
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MACOR INSULATOR
t--3cm-i

Figure ID.7. Cross section ofmicro-Mott electron-spin polarimeter.
The polarimeter and its associated wiring and shielding are mounted on a
commercial rotary platform whose center axis coincides with the far focal point of the
bottom level of the main chamber with respect to the SPES. Total clockwise rotation as
viewed from above is over a range of 8

=0°(facing the SPES) to 76°,

i.e., the polarimeter

may be used to check the primary electron beam spin-polarization in addition to
functioning as an analyzer of scattered electrons over a large range of total included
scattering angles. Ray tracing has been performed53 to ascertain the effective angular
acceptance of the device as a function of electron energy. The example shown in figure

ID.8 clearly illustrates that field penetration from the RPA does not adversely affect the
measured the electron distribution.
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Figure

m.s. Effective solid angle acceptance of polarimeter as a function of electron
energy.

It is desirable to know the energy resolution of the RPA as a function of electron
energy. Some preliminary values were obtained using a hairpin tungsten filament during
the initial design phaseS4. However, the polarized electron beam has a different spatial
proflle from such a point source. For this reason, an independent measurement of the
energy resolution was obtained by recording the full width at half maximum(FWHM) of
the intensity of the source electron beam over a range of primary electron energies, when
the source beam is directed into the polarimeter. A sample current vs. retarding voltage
curve is presented along with the cumulative 4E vs. E values in figure m.9. Broadening
due to source nonmonochromaticity is unlikely since GaAs sources generate beams with
typical energy spreads of only • 50 meV.
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Figure m.9. (a) Energy resolution measurement ofMott polarimeter for Eo -58 eV. (b)
Energy resolution (FWHM) vs. electron energy.
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IV. Data Acquisition
A. Beam Steering and Sample Alignment
i. Steering
It is not trivial to create an environment suitable for low energy electron transport.
Electric and magnetic fields must be kept to a minimum through the use of extensive
shielding. In the case of high voltage leads, this requirement may have some interesting
consequences 55. For a spin-polarized electron beam, it is especially important that
magnetic fields be kept to a minimum. In addition to bending the electron trajectories, a
magnetic field will cause Larmor, or spin precession. Generally, at LEED energies it is
sufficient to ensure that B S 30 mgauss to prevent precession.. The strength of the
magnetic field within the present mu-metal shielded main chamber at the location of the
sample is - 10 mgauss. The absence of significant fields is corroborated by two additional
obsexvations. First, deflection voltages necessary to steer the electron beam into the Mott
polarimeter are quite small. Since the electron-spin g factor is very nearly 2.0, the spin
precessional frequency is very close to the cyclotron or orbital frequency. For example,
after traversing 1/2 a complete cyclotron orbit, the average spin-polarization should be
antiparallel to its initial direction. Upon completion of a full orbit, the spins should return
to their original orientation(very nearly). Small steering voltages imply that any possible
magnetic field in the chamber is negligible, since any possible arc in the electron trajectory
must be very small. Hence no spin precession takes place. The final and most convincing
argument is simply that the source polarization as measured at the sample location with the
Mott polarimeter is consistent with the expected value.

ii. Alignment
All single crystal surfaces were aligned using x-ray diffraction to within .5° prior to
insertion into vacuum. In some cases, these measurements were performed by the
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supplier. Alignment of the crystallographic axes with respect to the electron beam line was
not completely deterministic. In particular, the crystal tilt, or azimuthal angle could only be
checked with the RHEED gun for a symmetric pattern about the tilt axis of the manipulator
before translation to the lower level. The LEED system on the lower level is not suited for
setting this angle since any lack of coincidence in the crystal and manipulator rotation axes
would result in an amplification of misalignment. The scattering angle e was easily fixed
for specular geometries by observing the very sharp peak in the count rate as the crystal
was rotated about the polar angle. Off specular angles could be set by rotating the crystal
beyond this point. It is estimated that the azimuthal and polar angles are known to within ±
2°. For realistic LEED measurements, this would be unacceptable. However, since
absolute intensities are not needed and the present energy analyzer/polarimeter has an
acceptance angle of ±5°, precise alignment is not crucial to the measurements.

B. Instrumental effects in Spin Polarization Measurements
An ideal energy analyzer/polarimeter would have a delta function response in
energy and angle. Thus, it would directly yield the function P(E,S). In reality, all
analyzers possess fmite energy resolution and accept particles within nonzero solid angles.
The present energy analyzer's angular acceptance is defined by a cone of 5° half angle with
respect to a point source emitter. The analyzer energy resolution as a function of electron
energy is shown in figure m.9b.
Data may be acquired in two modes, energy integrated or energy difference. The
former is the 'natural' way to operate the RPA, which after all, is a high pass filter. At first
glance, it seems that this acquisition mode would all but obscure information likely to exist
in the polarization vs. energy curves,except that at the highest energies very near to where
the electron distribution cuts off. It must be recalled, however, that much of the electron
distribution, N(E) lies at low energies, so that data collected at low retarding voltages
reflect mainly the low energy end of P(E). On the other hand, polarizations of the small
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energy loss electrons(retarding voltage near high energy cut oft) can be distorted by the
quasi-elastic peak in specular scattering geometries.
It is possible to extract P(E) and N(E) from the energy integrated data collected with
the RPA but it requires point by point differentiation, a technique which is very susceptible
to any discontinuities in the integrated spectra. Hence, the data must be smoothed prior to
manipulation. This has the effect of removing most of the structure present in the real
functions. In essence, differentiation after the fact is not the preferred method for
determining P(E).
A quasi-differential, or difference spectrum may be acquired in real time as
follows. Data, or counts, are collected for a given interval of time at an energy, E- /!ill/2.
Next, counts are collected for the same time period at a higher energy, E + !l.E/2. The latter
counts are subtracted from the former ones and the difference is attributed to the intensity
weighted average in the interval /!ill which is centered on the energy E. For reasons which
are made clear in Appendix I, the step size in practice must be limited to -F/10 in order to
keep the total data collection time reasonable. Most polarization data were collected using
the difference method.
One aspect of the difference method which warrants discussion is the underlying
assumption that the source-sample-polarimeter system is in a steady state. Drifts in any one
component would result in a spurious polarization value. Data collection intervals from .1
to lOs duration yielded the same result to within statistical error. Since the SPES is stable
on the time scale of hours, this lower limit on the long term stability was to be expected.

In either data acquisition mode, the quantities obtained are the interval integrated
intensity
00

I(E,/!ill) = JN(E)T(E,~)de
0

(1)
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and polarization
00

I

P(E,AE) = P(£)N(£)T(£,A£)d£ + I(E,4E)

(2)

0

where N(E) is the number of electrons arriving in a unit time from the sample with energy
E, P(E) is the real polarization function of the electrons and T(E,AE) is the instrumental
response function. Figure IV.1 shows this function for the integrated and difference types
of measurement.

C. Instrumental Asymmetries
The discussion in section ill.B.v. as it stands is incomplete. All real polarimeters
contain inherent instrumental asymmetries. The counts into the left and right channeltrons
are really given by

a

c

Figure IV.l. Instrumental response function T(E, AE) vs. E for (a)integrated type
measurement; (b) difference measurement with energy window< energy resolution; (c)
same as b, except with energy window >energy resolution.
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and

where TlLnL and TlRnR are the left and right detectors' efficiencies and total subtended
acceptance solid angles respectively. Upon reversing the soUICe electron polarization, these
quantities become- -provided P ~changes in sign-

N'L a f(9)TtLild1 - PS)

(5)

and

Some rearrangement allows the extraction of P, i.e.,
1 X-1
P=-S X+1

(7)

where

Thus, by collecting data for soUICe electron polarizations P0 and -P0, it becomes possible to
separately determine both the instrumental asymmetry and the polarization P of the detected
electrons.

D. Elimination of Spin-Orbit Effects
The primary thrust of this work is to determine the correlation in spin-polarization
of the scattered electrons with that of the exciting beam. Thus, it is necessary to understand
the contribution to the exiting electron spin-polarization from spin-orbit induced effects.
An easy way to visualize how this may be done is to (mentally) separate the incident
electrons into one group with P0 = 1.0 and a group with P 0 =0.
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Clearly, the unpolarized ensemble does not change its behavior when P0 ->- P0 •
Any measured polarization due to spin-orbit scattering is therefore a .s1a1i£ quantity with
respect to beam polarization reversal. The same is true of any polarization which is carried
by the true secondary electrons. Since the scattering plane is perpendicular to P 0 , spinorbit scattering of the totally polarized group can only spatially redistribute them.
Additionally, the electrons are within the solid too short a time(-to- 12s) for a 'real' spinflip to occur(-1Q-10s)56. Any change in the angle integrated spin-polarization resulting
from the P 0 = 1.0 group must be brought about by the spin-flip processes as detailed in
Ch.II.
While this argument illustrates that the spin-polarization of the two separate parts of
the scattered electrons for each of the two incident beam spin orientations must be the same,
their relative intensities may be different. This difference in scattered intensity is akin to the
spin-asymmetry measured in spin-polarized LEED. For relatively low values of Z, e.g.,
Cu, it has been shown57 that the spin-orbit asymmetry is small and hence should not
greatly affect the correlated polarization measurements. Experimental evidence will be
presented later which indicates that even in high Z metals these effects tend to be eliminated
with the prescribed acquisition method.
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V. Data and Analysis
A. Copper (100)
Polarization data were acquired from a clean Cu(lOO) surface in the differential, or
energy interval integrated mode. The scattering plane, as defined by the planer normal

(1)

was coincident with the <011> direction. It is known from spin-polarized LEED data that
the elastically scattered electron spin-orbit asymmetries,A50 , are S: .1 and thus have
negligible effect on the polarization data.
In figures V.l and V.2 are shown the spin-polarization of the scattered electrons for
specular geometries with incident angles of 60° and 80° in respect to the surface normal.
Data were taken for three representative energies, namely 14, 50 and 100 eV. Energy
windows of 2, 5 and 10 eV, respectively were used. All electron energies are corrected for
work function differences between the cathode, sample and energy analyzer. For each
primary energy, the emitted electrons retain a substantial portion of the original polarization

for loss energies of up to 1/2 of the incident electron energy. This immediately follows
from the fact that copper has few unoccupied statesSS above the Fermi level, i e., spin-flip
processes are likely to be suppressed. Cs, with a large number of empty states above the
Fermi level, did not significantly change the measured spin-polarizations at monolayer
coverage, although it is possible that the sub-monolayer coverage simply does not provide
sufficient number of holes for the incoming electrons to scatter into.
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When we plot these same data as a function of the reduced energy,EJE0 , it is
immediately clear that they fall on a common curve. See figures V.3 and V.4. Knowing
that free-type(conduction) electrons with energies S50 eV undergo primarily s-wave
inelastic scattering and hence lose on average 1(2 their kinetic energy with each collision,
we might immediately infer that the probability for spin-exchange must be nearly the same
for the three energies. However, the drop in spin-polarization at the lowest energies may
be entirely due to the true(unpolarized) secondary electrons. This statement is supported by

the angular dependence in the data. For a more grazing angle, the spin-polarizations are
higher for the same loss energies than for the more normal angle. The cascade electrons
obey a simple cosine distribution in intensity with respect to the surface normal nearly
irrespective of the exciting electron energy. Thus at shallower exiting angles, it is expected
that the contribution of the true secondaries will be less evident than at the more normal
angles.
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Figure V.3. Data of figure V.l with EIEo abscissa.
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As noted earlier, in the limit of single scattering, it is possible to separate out the flip
and non-flip rates from the measured spin-polarization. When we use the appropriate
normalizing factor(:t=l/2 for convenience) the rates for a slowly varying total scattered
intensity are given by

N=~
4

(2)

and
F=

1-a
--:r-

(3)

where a=P/P0• The results of these manipulations are shown in figures V.S-8 for the
electron energy and reduced energy abscissae and the two different angles. The general
trend is for the nonflip rate to dominate at the small energy losses, while the flip rate only
becomes important toward the lower energies. The low energy end of the plots must be
taken cum grano salis, however, since this separation is strictly valid only near the elastic
energy, where the single scattering approximation is reasonable. Although, we may assign
effective flip and non-flip rates to have the values in eqs.2 and 3 with it understood that
they no longer represent the real rates.
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In analogy with the Stoner excitations present at ferromagnetic surfaces, it is
apparent that we should look for direct evidence of spin-exchange scattering near the elastic
energy59, It is apparent that only for the 14 eV primary energy 60° data that what appears
to be an exchange feature may exist. However, it is not immediately obvious that this is
indeed evidence for spin exchange. FirSt, the statistical error present in the data as a whole
does not preclude a simple straight line being fitted through all the 14 eV points. Second,
the absence of any corroborating feature in the 80° 14 eV data and in the 55° 25.5 eV
data( section V.D) tends to suggest that this is only a statistical fluctuation. If we ignore the
energy dependence of the matrix elements involved and simply plot the integrated product
or joint density of states as in figure V.9, it seems that only for loss energies ofC!: 6 eV that
any spin-exchange should become strong, especially when this joint density is compared
with that of molybdenum( see figure V.32). In fact, if mu drop in the spin-polarization is
seen above Eof2, this must be taken as evidence for spin-exchange since energy
conservation requires the cascade electrons, which are the only other possibility for a
decrease in the polarization, to appear below this point. If the flip rate of Cu is plotted atop
the joint density of states(JDoS-see eq.II.37), normalized to the molybdenum case, the
shapes are seen to be a good match, further confmnation that spin-flip exchange processes
must be occurring. Since the JDoS dependence of the flip and nonflip rates is nearly equal,
the imbalance in the rates must be due to the matrix elements.
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Figure V.9. Calculated joint density of states vs.loss energy for Eo= 14 eV together with
flip rate. Lower curve: normalized to Mo flip rates; Upper curve: lower curve x4.
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A free electron calculation60 shown in figure V.lO of the difference in
singlet(antiparallel spins) and triplet scattering(parallel spins) cross sections for
longitudinally polarized electrons gives a rough indication of the matrix element behavior of
a solid with a free electron like band structure, since, in the nonrelativistic limit, the results
are valid for transverse spin61. The general trend is for the singlet scattering to dominate at
all energy losses. We could easily infer this result from the form of the triplet and singlet
wavefunctions, which are the product of spatial and spin components. In the singlet case,
the spin part is antisymmetric, so that the Pauli exclusion principle requires the spatial
portion to be symmetric. Hence, electrons with opposite spins may approach more closely
than those with the same spin, and thus be strongly scattered by the coulomb potential.
This implies that the matrix elements for electron scattering between opposite spin states are
larger than those for scattering between electrons of the same spin--a fact which tends to
imply the existence of spin-flip exchange scattering. In a metal, a similar effect is expected
due to exchange and correlation. The high electron mobility permits allows a lower than
average density of electrons in the vicinity of the incident electron. The remaining electron
density is weighted with electrons of opposite spin to the incoming electron--again
suggesting a propensity for singlet scattering. Of course, the actual matrix element
behavior has to be had from a realistic calculation.
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V.lO. Ratio of triplet to singlet cross sections for free inelastically scattered longitudinally
polarized electrons vs. loss energy. y is the usual relativistic factor.
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It is of interest to note that the spin-exchange theory of section II.D.ii., when taken
in the unphysical limit

of~

energy independent matrix elements, predicts a linear

dependence for P/Po regardless of the density of states(material independent). This same
simplification results in a strong discontinuity right below the primary energy, which is a
direct result of the constant matrix element apprroximation, whereas it is well known that
the matrix elements governing exchange scattering are strongly energy dependent.
Furthermore, a discontinuity is to be expected in the spin-flip scattering from a metal since
the Fermi level is itself discontinuous as we cross from the occupied to empty states and it
is the product of the two which help govern the strength of the inelastic spin-flip exchange
process. In other words, exchange with spin-flip can only occur in a paramagnetic material
in the inelastic limit
From a purely experimental point of view, it is of interest to know how the primary
or high energy electrons influence the lower energy electrons in any electron spectroscopy
experiment. In this light, the spin-polarization of the electrons emitted from 0-5 e V was
measured as a function of bombarding electron energy. The results appear in figure V .11.
Above about 100 eV, the low energy electrons appear to retain little memory of their initial
spin state. However, at the lower primary energies, it is quite apparent that much
information is still contained in these electrons concerning their initial state. From this
result, it is clear that simple background subtractions in the analysis of the low energy
electrons in certain spectroscopies may not be entirely valid.

B. Polycrystalline Gold
The gold surface was in the form of a polycrystalline film of - 40A thickness
evaporated on the Cu(100) surface. Since gold has a Z of 79, the asymmetry due to spinorbit scattering should be not negligible. As a test of this, the inelastic electron spinpolarization was measured as for copper, i. ~.,under the assumption of small asymmetry.
The results are shown in figure V.12 for energy integrated type data. To within statistical
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error, the data are very nearly identical. In the absence of large A10 this behavior is
expected since the band structure and hence DoS of goldss is similar to copper. Similar
behavior has been seen in the electrons ejected from an Au(110) surface to.
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Figure V .11. P/Po vs. primary electron energy for 5 eV energy window centered at 2.5 e V.
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In order to understand better the effect of the spin-orbit asymmetry(eq. ll.41), it
was measured by taking the difference in the polarimeter channeltron counts for the two
different incident spin directions. The results as a function of retarding voltage for a
primary beam energy of 100 eV are shown in figure V.13. The reason for the close match
with the Cu data becomes apparent, i.e., the spin-asymmetry is remarkably small. To test
if this was just a fortuitous choice of primary energy, the spin-asymmetry was measured

for the electrons with energies greater than 50 e V for a range of primary electron energies.
These results are shown in figure V.14. A peak appears at -120eV primary energy, but
with integrated asymmetry of only .08. As an aside, it is just this asymmetry which is used
as the basis of the low energy electron polarimeter62. Why the asymmetry is so small
becomes immediately apparent when we look at some SPLEED data for a range of angles.
Data from a tungsten surface(Z=74) are shown in figure V.1S63. It is clear that the spin
asymmetries are highly energy and angle dependent. Since the polarimeter accepts
electrons over a range of 10°, it is not unreasonable that these features would simply be
energy and angle averaged to a value near to zero. Naturally, a polarimeter with smaller
acceptance apertures and/or smaller energy window would show more pronounced A50
effects.
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Figure V.13. Electron current asymmetry as function of retarding voltage for primary
electron energy of 100 eV.
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C. GaAs

A great deal of interest centers around the semiconductor GaAs, not only for its
usefulness in the construction of quantum-electronic devices, but also as a source of spinpolarized electrons. We might hypothesize that little or no spin-exchange must occur for
low energy electrons in GaAs since the photoemitted electrons

~

spin-polarized.

However, the question of how the doping might effect the scattered spin-polarization is of
some interest. For these reasons, experiments were conducted from n and p type GaAs
with Si and Zn dopants respectively. The concentrations were -1018 cm-3 in both cases.
The n type GaAs surface was oriented in the (110) direction, while the p type crystal had a
(100) surface and came from the same stock as used for the polarized electron source.

i. n type
Data were acquired in the same manner as for the Cu crystal, but with

e =55°.

Since Ga and As have relatively small atomic numbers, we may ignore any contribution
from spin-orbit scattering as we did in the Cu data. Plots of P/P0 and electron intensity vs.
electron energy for primary electron energies of 16, 50 and 103 eV appear in figures V .16,
V.17 and V.18. It is clear that similar, but somewhat different behavior from copper is
evinced. If anything, the spin-polarizations hold up even better for the higher energy
primary electrons. The flip and non-flip scatter rates as derived from the data are shown in
figure V.19 with absolute energy scale and in figure V.20 with the reduced energy scale. It
is clear that no common curve is followed here. Since GaAs is a semiconductor, no
inferences from the simple free electron collision model are expected to be valid. Thus, we
should not expect(but not rule out) a common behavior in the spin-polarization for the
different bombarding energies as seen in copper.
Careful inspection of the polarizations and intensities simultaneously reveals that the
spin polarization breaks near to the point where the secondary electron cascade begins. In
fact, under the assumption of a zero polarization exponentially decaying secondary electron
current(fit to the low energy peak), we may calculate the expected spin polarization, under
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the proviso that the primary current(extrapolated from the near elastic energies) is a
constant. The result is shown for the 50 eV primary electron data in figure V.21. The
agreement is remarkably good. We mu infer from this that virtually no depolarization is
occurring in the GaAs. However, if a plot of the GaAs JDoS64 is compared to the spin flip
rate for the 16 eV primary beam, again a good fit is obtained, even to the dip at --9 eV.
See figure V.22. Thus, it seems that the spin flip processes in GaAs are weaker at higher
energies that those of copper, but are not negligible at the lowest energies.
120
100

......

80

If

60"

•

~

•f

a;

40

20

El

Data

•

Calculaltion

~.;p..r=t

0

0

I

I

10

20

I

30

40

50

60

Energy [eV]

Figure V.21. Spin-polarization vs. electron energy for 50 e V primary electron energy and
calculated spin-polarization due to only the true secondary electron cascade current.

77

0.1

0.0

;----.--....-----.---r----.----....:DII-·20

-10

0

Lou EaeriJ [eV]

Figure V.22. Comparison of spin-flip rate of 16 eV primary energy data with calculated
joint density of states for GaAs. Upper curve-Mo nonnaJization. Lower curve-upper
curve xl.S.
ii.p type

One possibility for explaining the lack of depolarization for the higher primary
energies is that the scattering angle was 'wrong'. In other words, the electron densities are
highest in a semiconductor along the covalent bond directions and perhaps it is necessary
for the incident or scattered electrons to be colinear with these bonds for appreciable
electron-electron scattering to occur. This possibility was investigated at a p type surface
with angles consistent with the Ga-As bond direction. The results are shown in figure
V.23. It is apparent that the angular dependence is quite limited. Furthermore, the data for
the 26 eV primary beam just falls between that of the 50 and 16 eV primary beam energy
data for the n type GaAs indicating that the dopant type at these concentrations is not very
important in spin-exchange scattering.

3Q.....--__;:=-----------,

20

•
1:1

55-55
45-65

10

o+--....----r--~--r----__,

0

20

10

30

Energy [eV]

Figure V.23. Comparison of electron spin-polarization for two different scattering
geometries. 8in=9out=55° and 8in=45°, 8out=65°, with a primary energy of 26 eV.
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A second possibility for the lack of high energy spin exchange scattering in GaAs is
the type of electrons present in the valence band. It is understood that the crystal electrons
which participate in the spin-exchange scattering in ferromagnets come from the magnetic d
bands65. GaAs's valence band is almost exclusively composed of s-p type electrons which
may not be strong contributors to the exchange process. Clearly the lack of exchange
scattering with spin-flip is a matrix element effect since the joint density of states(JDoS) of
GaAs is nearly identical to that of copper, except that the maximum is larger(comparable to
Mo) and peaks for greater loss energy. See figure V.32.
It is apparent that the clean GaAs surface results, however, do not clearly represent
the photocathode scattering characteristics. Thus, the data were repeated for the cesiated
photoemitting surface. Cs was applied until a maximum in the photocurrent was achieved,
which corresponds to a coverage of .27 monolayer66. The data acquired from this surface
are contrasted with the clean surface data in figure V.24. Only at the lowest energy does
the spin-polarization differ much from the clean surface. Any such deviation may be
attributed to an enhanced secondary electron yield due to the presence of the Cs adlayer.
Bulk elemental Cs possesses an abundance of empty states above the Fermi level. This
might lead one to expect some additional spin-flip exchange scattering to occur.
Photoemission studies have shown, however, that near-monolayer coverage of Cs on
GaAs are not metallic in nature67 and thus any spin-exchange behavior extrapolated from
bulk the Cs properties is probably erroneous. Furthermore, bulk like layers of K on Ge,
have evinced no spin-exchange scattering for longitudinally polarized electrons
photoemitted from a germanium substrate and subsequently transported through the alkali
overlayer68.
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D. Mo
Molybdenum, in contrast to GaAs, has mostly d-type electrons58 and empty states
in sharply peaked regions below and above the Fenni level, respectively, i.e., it is likely to
exhibit exchange scattering with spin-flip with a strong signature at a characteristic energy.
This follows from the similarity in the shape of the occupied and empty densities of states
to those of the ferromagnets, which do spin-flip exchange scatter with an energy loss
characteristic of the difference in the majority(occupied) and minority(empty) densities of
states. For this reason, the spin-polarization of the inelastically scattered electrons from a
Mo(llO) surface was measured. The scattering geometry was again specular with 8=55°.
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Indeed, we see in figure V.25 a strong feature at -20 eV corresponding to -5.5 eV
energy loss for a primary electron energy of 25.5 eV. We contrast this behavior to that of
data from the Cu(lOO) surface taken under identical conditions. Additionally, the presence
of a dip in the polarization spectrum followed by a rise to nearly its previous value was
observed at several other primary energies to confirm that the peak was not just a statistical
fluctuation.
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V.25. Spin-polarization ofMo(o) and Cu(o) surface specularly scattered electrons for
primary electron energies of 25.5 and 26.5 eV, respectively.

In iron and cobalt, the strong exchange feature also shows up as a feature in the
intensity spectra69,70, The intensities taken for the various primary energies, of which fig.
V.26 is an example, do not show any clear evidence of this. However, the Mott
polarimeter is not the best device for intensity measurements and it can not be ruled out that
more sensitive measurements may reveal such an intensity peak around 5.5eV loss energy.
Now Mo is a metal with moderate Z(44), so we may not immediately discount the
size of the spin-orbit asymmetry as was do~e in the case of copper. However, it may be
recalled that the asymmetry from gold(Z=79) was averaged to a value S.l. Measurement
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of the asymmetry at the loss energy for the largest value of the polarization(Eo =17 eV)
yielded A50=3.8±2%. Oearly, the same effect is present in the Mo data as in the Au data,
namely the energy and angle averaging of the spin-orbit asymmetry to near zero values.
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Figure V.26. Intensity of Mo scattered electrons for the conditions of V.25.
Again, no strong angular dependence was seen in the overall spectrum as shown in
figure V .27. The large value of the loss energy removes the exchange feature far from the
specular and near specular dipole scattered electrons, which do have strong angular
dependence. The spin-polarization of the electrons for various primary electron energies
was measured at a loss energy of -6 eV with an energy window of 2 eV. These results are
shown in figure V.28. The exchange scattering tends to drop off rapidly as the incident
electron energy goes above 50 eV. Similar behavior has been seen in the exchange
scattering from spin glasses71. This general behavior is to be expected since the exchange
process is a manifestation of the indistinguishability of electrons. When the primary
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electrons have energies much greater that the Fermi energy, they become distinguishable
and no longer exchange scatter.
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vs. primary electron energy.
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As a crude test of surface sensitivity, a 'crud test' was performed. After two days,
the crystal was covered by more than 1 monolayer of carbon. Data

tak~n

under these

conditions are contrasted to that taken from the clean surface in figure V.29. Except for a
small rise at low energies consistent with an increased secondary electron yield, the data is
a perfect match. This is not unexpected since graphite does not exhibit strong spin-flip
scattering9. Apparently, at these energies, the total mean free path of the electrons within
the solid is long comparable with the mean free path for exchange scattering so that the
exchange scattering may continue within the solid uninhibited by the condition of the
surface. This is in contrast to the behavior seen by Abraham72 of the spin-exchange feature
in the inelastic scattering at a Ni surface upon dosing with oxygen. In this case, even small
amounts of contamination appreciably decreased the exchange feature.
When we decompose the upper end of the Mo spectrum into flip and nonflip rates,
we get the results shown in figure V.30. The copper data is also decomposed for contrast.
The peak in the flip scattering rate is superposed on an almost flat background and deviates
significantly from the straight line extrapolation from small to large loss energies. This is
further evidence that the feature is 'real'.
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Figure V.30. Flip and non-flip rates of Mo and Cu data of figure V.25.
When the joint density of states is plotted on top of the flip rate data, as seen in
figure V.31, it is immediately apparent that the shape of the flip feature conforms exactly to
the joint DoS. This match may be regarded as a happy coincidence, since if we plot the
joint density for iron(figure Vl.l), two peaks become evident, one at 2 e V and one at 4 e V
loss energy. This is in contrast to what has been observed, namely, only the peak at 2 eV.
All the joint densities may do is give an idea of what m,u be observed in the polarization
spectrum since the matrix elements describing the particular transitions involved equally
determine the scatter rates. Furthermore, the nonflip rates(or at least their joint DoS) must
be contrasted with the flip rates to determine the relative importance of each. For the
paramagnets, the two joint DoSs are equal. In ferromagnets, however, the bands are split
and we expect the nonflip joint densities to be smaller than the flip joint densities.
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All of this aside, it is possible to roughly explain the behavior of the studied
materials when the absolute peaks in the joint densities of states are compared as in figure
V .32. Clearly, Cu has the lowest value, only .5states2feV, molybdenum has the largest,
and GaAs possesses a JDoS only slightly smaller than that of Mo. Under the assumption of
equal matrix elements for Mo, Cu and GaAs, we may plot the expected flip rates for Cu
and GaAs. These are shown in figs. V.9 & V.22. It is apparent that the GaAs and Cu
matrix elements are more favorable for spin exchange that those of Mo. It is only the lower
JDoS which keeps spin flip rates in copper small. It might well be argued that all the drops
in polarization and these 'flip rates' are due to cascade electrons. Oearly , simple energy
conservation restricts the cascade to the lower 112 of the electron energy range and all the
above discussion does not rely on this Ecl2 region.
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VI. Conclusions and Future Directions
The spin-polarization of inelastically scattered low energy electrons has been
measured for a variety of paramagnetic surfaces using a GaAs source of spin-polarized
electrons and an in situ rotatable micro-Mott polarimeter. The strong spin-flip exchange
seen upon scattering from the Cu(lOO), GaAs(llO), GaAs(lOO) and Mo(llO) surface is
evidence for small energy loss paramagnetic spin-flip exchange scattering.It has been seen
that a crude analysis , which considers only the JDoS, predicts the correct shape of the low
energy exchange scattering with spin-flip rates for Cu, Mo and GaAs.

However, this

same analysis predicts that Mo should spin-flip exchange scatter better that the other two.
Hence, ignoring the scattering matrix element dependence and screening effects does not
yield a model which represents the complete picture.
It is remarkable that such crude assumptions in the analysis give the results that they
do. In fact, a complete energy dependent matrix element calculation of the Stoner density
of states for iron73, bears a remarkable resemblance to the JDoS calculation as shown in
figure VI.l. One explanation of the agreement is simply that this is in reality a multiple
scattering process, i. e., the electron-electron scattering event may occur at any point in the
crystal as the electron rattles around in the solid so that angular effects are greatly
suppressed. In other words, the relatively large momentum transfers involved permit
transitions to occur over much of the Brillouin zone, i.e., something like an average over
the zone occurs. Additional loss of angular sensitivity is due to the broken symmetry at
the surface which results in nonconservation of the normal component of momentum.
The general observed angular dependence of the inelastically scattered electrons is
schematically drawn in figure VI.2. Centered around the elastic peak is the spinindependently dipole scattered electrons. The spin-exchange scattered electrons, along with
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the rest of the inelastic electrons appear in a slowly varying distribution, the intensity of
which depends roughly on the cosine of the angle from the surface normaP7•
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Figure VI.l. (a) Density of Stoner excitations for momentum transfer Qx =.3; (b)
calculated iron JDoS.
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Figure VI.2. Observed angular dependence of inelastically scattered electrons. Specular
beam-solid line; dipole scattered electrons-dotted lobe centered around specular beam; spinexchange and secondary electrons in gray ovoid with near cose dependence.
The effects of near monolayer coverage adsorbates has been determined to be
negligible in both an additive and subtractive sense. Carbon contamination on the Mo
surface was seen to have no effect on the spin-exchange feature and little effect on the total
electron yield Cs deposition on both Cu and GaAs did not induce any stronger exchange
scattering for the room temperature saturation coverage. While the Cs on the GaAs is not
metallic, the metallicity of the Cs on Cu precludes this same argument from explaining the
lack of exchange scattering at this surface. It is likely that either
the coverage is simply too small to effect the spin-exchange scattering with any measurable
effect, or that the mean free path for exchange scattering in the paramagnetic systems is
larger than that supposed in the ferromagnetic systems(-monolayer level). An experiment
which could clarify this question is to measure the spin polarization as a function of film
thickness when a known spin-flip exchange scatterer with a strong signature, such as Mo,
is epitaxially grown on a higher energy onset spin-flip scatter, like Cu. From this type of
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data, the spin-dependent MFP may be determined. Preliminary studies using ferromagnetic
systems and low energy monoenergetic longitudinally spin-polarized electrons
photoemitted from a Ge substrate as probes suggest the feasibility of this type of
experiment68. Similar studies with thick potassium layers did not show any evidence of
spin-flip scattering.
Another class of materials exists which have not been well studied with regards to
spin-flip exchange scattering. Antiferromagnets may be thought of in the limit of localized
spin as two interpenetrating lattices with antiparallel spin states. Each sublattice can be
considered as a separate ferromagnetic system in this context. Hence, it is surmised that
spin-exchange with flip should be evident in the inelastic scattering from this class of
materials. Unfortunately, recent results on scattering at a NiO surface do not support this
hypothesis72. On the basis of a single result it is not wise to rule out the possibility
completely, so that investigation of the elemental antiferromagnet chromium is suggested.
Exchange scattering at the transition metal ferromagnetic surfaces has been well
documented for nearly all systems. The critical behavior of the spin-flip scattering has not
been so well studied, particularly in the case of cobalt. The behavior of the exchange
scattering the Curie temperature is approached permits differentiation between the two
possible mechanisms for decrease in the magnetization, i.e., collapsing bands vs.
fluctuating moments.
Another interesting, albeit difficult critical phenomenon study concerns the behavior
of mercury as a spin-flip exchange scatterer. It should be possible to determine if solid or
liquid Hg exchange scatterers with the same voracity as atomic Hg. If the behavior is
different, then following the exchange scattering through the critical point should yield
insight into the 'solidification' of the band structure. Particularly interesting is the question
of whether the spin-flip scattering will undergo the same frrst order phase transition as the
thermodynamic variables do upon melting.
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It should be possible to study a related process, that of alloying, through the
monitoring of the absolute spin-polarization of the secondary electrons emitted from high
Z-low Z complexes. For example, Cu on Au forms a Cu3 Au like alloy at room
temperature74. This alloying is accompanied by the migration of Cu atoms into the bulk
and Au atoms toward the surface. A preliminary estimate of the spin-orbit induced spinpolarization increase upon going from the unalloyed(cold) surface to the alloyed surface
suggest a change of -15% in the measured spin-polarization. This change should be just
detectable and may provide a moderately sensitive method for probing the species specific
structure at alloying surfaces and interfaces.
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VII. Appendix I.
In the differential data collection mode we acquire counts by stepping between two

RPA energies. For the two different incident beam spin polarization, the counts at E 1 are
L 1, R 1, L 1' and R 1' and at E2

are~.

R 2,

~·.

R2', where the prime indicates the opposite

sense of spin polarization in the primary beam and E 1 > E2 • The spin polarization is
calculated according to

P=st[X·l]
x:;:-r

tn
(1)

where S is the Sherman function and

]l/2

LR'
X= L'R
[

with

L=~-L 1 ,

(2)

etc.

The statistical error in P is given by75

a!=[~~r<{ +[ ::.r(J~,+[ :~r<J~+[:r~

(3)

where the error in L,L',R and R' arises from the difference in counts, so that ui <#:~i. We
sum into each channel(count bin) ignoring the addition process error since it it already
incorporated by the addition process itself, i.e., (Lt ± ~Lr_) + (Lt+At ± ~Lt+At)
Lt+At)±( Lt + Lt+At) 112

=Li±~Li.

= (L1 +

Taking short burst counts(.£\t small) tends to eliminate

the need for incident beam current drift correction. Denoting the difference count errors by
UuCJL·•CJR

and CJR'• the error in the polarization is just
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We note that since the Mott polarimeter efficiency,E, is S2I1Jo and because ai a. ..Ji,
the statistical error
(5)

which illustrates the importance of high efficiencies is such devices. Using eq. (4), it is
possible to estimate the error sizes vs. data acquisition time. For typical operating
parameters, i.e., S=.076 and 1300 eV energy window, plus taking L-R-L'-R', we have

ap-(658%{

1]

(6)

which immediately proves the assertion of chapter IV, namely that the energy window
must not be too small or the time required for <Jp to become small is prohibitively long, i.e.,
the sample becomes contaminated and/or the polarized electron source current drops below
a useful value.
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VIII. Appendix II. Dielectric Theory
The response of a medium to an external electric field is usually defined through the
polarization

P =xE

O>

where X is the dielectric susceptibility. The response is described by X or equivalently by
the dielectric constant
£

=1 + 41tX

(2)

with the displacement field given by
D(x,t)

=eE(x,t)

(3)

for static e. When a rapidly varying field is applied, the effects of the nonlocal medium
response have to be taken into account
Consider a semi-infinite medium occupying half space(z>0)76 • Let an external
polarizing potential of the form(electron plane wave)
iq1•x - q11z- iCIX

+ex1(x,t) =e

(4)

be applied. The induced charges will give rise to a potential outside the solid given by
iq1•x + q1~ - iox

+ind(x,t) = -g(q 11 ,ro)e

(5)

Now consider a low energy electron incident upon the surface. The electron's
electric field penetrates the solid where it distributes energy among various excitation
channels. Letting k and k' denote the wavevectors of an incident and scattered electron
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respectively, then the momentum transfer parallel to the surface is given by hq 11
k' 11 ). The energy transfer to the media is hco

=h2(k2- k'2)/2m.

=h(k 11 -

The probability that an

incident electron is scattered inelastically into the range of energy losses between hco and
h(co+dco) is P(k,k')d.Qkd(hco). Large energy loss calculations require special treatment
since the general expression for P contains the amplitudes and phase of the scattered and
incident electron amplitudes. For small momentum transfer, however, it can be shown that
P(k,k) =
1

2

(ea..n)2· cosa
-u

where

~

k
-1p

qll

1q2+ q2
II

t

(n + 1) Im{g(q 11 ,co)}

1.

(6)

ro

= kz- kz'• a is the angle of incidence with respect to the surface normal and

n00=[exp(hco)/k:BT -1 ]-1 is the Bose-Einstein factor. It has been shown that

1

g(q11 ,co) a -

(7)

£

where £ is the complex nonlocal time dependent dielectric function. Thus, knowledge of
the dielectric function allows calculation of the scattering probabilities. This is somewhat
of a cheat, however, in the case of the spin-dependent scattering since the first principles
calculation must be done prior to casting the results into a spin-dependent dielectric
function. On the other hand, it is often possible to use the experimentally determined
optical adsorption data in spin-independent calculations.
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