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Combined measurements in low-energy electron diffraction of both electron-spin polarization and intensity
are described for beams from W(001). Polarization and intensity are determined in the energy range 20-150
eV for both the 10 and 11 beams at normal incidence and for the 00 beams at angles of incidence from 10°
through 18° in 1° steps. Electron-spin polarizations in the range + 60%- -80% are observed with
polarization values highly dependent on both the energy and the angle of incidence of the primary electron
beam. For the 00 beam at 11° angle of incidence and for the 10 beam at normal incidence, comparisons of
the present intensity and polarization data with the results of recent theoretical calculations are encouraging

with respect to gross features.

I. INTRODUCTION

Extensive comparisons have been made between
dynamical model calculations and measured inten-
sities of low-energy electron diffraction (LEED)
beams in order to determine the parameters de-
scribing a crystal surface.! The surface science
literature shows that such comparisons have in
many cases been rather inconclusive, with the pa-
rameters describing even such extensively studied
surfaces as tungsten (001) still not very well es-
tablished.? Additional information about the sur-
face, information of value comparable to intensity
data, is provided by measurements of the elec-
tron-spin polarization of LEED beams. Such po-
larization measurements can serve as a further
stringent test of dynamical LEED models in that
any model of the surface that predicts accurately
not only the intensity but also the polarization of
LEED beams passes a very serious test as to its
validity. Furthermore, theory suggests that spin
polarization is more sensitive than intensity to
certain surface parameters such as the top inter-
layer spacing and the shape of the surface potential
barrier .3

The physical basis of spin polarization in scat-
tering can most easily be visualized for the case
of electron scattering from free atoms of large
atomic number.® The theoretical results for at-
omic scattering are in excellent agreement with
those of experiment for electron scattering from a
variety of atomic targets. The unpolarized inci-
dent beam can be considered to consist of equal
numbers of electrons with spins “up” and “down”
with respect to the scattering plane defined by the
incident and outgoing wave vectors. These elec-
trons experience slightly different scattering po-
tentials as a result of a weak spin-orbit interac-
tion. Although this interaction does not affect the
direction of the electron spin, it does cause the

differential elastic scattering cross sections for
electrons with spin up and spin down to be slightly
different. As a result, the ratio of up to down
electrons present ataparticular scatteringangleis
usually different from unity, giving rise to a net
polarization, the sign and magnitude of which will
depend on both angle and incident electron energy.
If I and IV are the currents of spin “up” and spin
“down” electrons, respectively, at a given scat-
tering direction (9, ¢), the polarization P(8, ¢) is
defined by P(9, ¢)= (I*+ -I¥)/(I* +I¥), which, for
atomic scattering, is always in a direction perpen-
dicular to the scattering plane. Particularly large
polarizations occur at angles where one of the two
differential scattering cross sections is close to
zero, and thus small compared to the other cross
section at the same scattering angle. However,
since the spin-orbit effect is small, both scatter-
ing cross sections have minima at closely spaced
angles. As a result, when one cross section is
close to zero, the other is small also, so that at
scattering angles where large polarizations are
realized, the corresponding electron current is
at a relative minimum.

In LEED, however, scattering is determined not
only by the individual scattering center, which is
better represented by a muffin-tin potential rather
than by an atomic potential, but also by the multi-
ple scattering occurring in the crystal. Neverthe-
less, the same spin-orbit effect should cause elec-
trons diffracted from surfaces of crystals of large
atomic number to be spin polarized also, with the
polarization given by the expression above. More-
over, the data will show that a correlation between
high polarization and low intensity carries over to
LEED. Because crystal structure has been de-
duced mainly from the positions of LEED intensity
maxima, while polarization tends to emphasize
behavior near intensity minima, the two types of
measurements should complement one another in
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surface structure determinations.’

To this end, systematic measurements of both
intensity and electron-spin polarization in LEED
from a clean tungsten (001) surface have recently
been completed.® This surface was chosen for
study because theoretical LEED polarization cal-
culations have concentrated on it, and because the
results of several LEED intensity studies from
W(001) are available, enabling direct comparison
with the present intensity data.

Polarization and intensity profiles as functions
of energy are reported here for the 00, 01, and
11 beams. Profiles are presented for the 00 beam
at angles of incidence 6 (i.e., the angle between
the axis of the electron gun and the normal to the
crystal surface) from 10° through 18° in 1° steps.
The dependence of the polarization on the azimuth-
al angle ¢ (i.e., the angle between the scattering
plane and the [01] direction of the two-dimensional
surfact net) was obtained for the 00 beam.at 6§ =13°.
Polarization and intensity were also measured for
both the 01 and the 11 beams at normal incidence.

Finally, the experimental data are discussed in
light of the results of recent theoretical calcula-
tions.

II. DESCRIPTION OF EXPERIMENTAL APPARATUS

The experimental apparatus shown in Fig. 1 is
contained in two ion-pumped stainless-steel ultra-
high vacuum chambers connected by an accelerat-
ing column. The first chamber, with a base pres-
sure of ~2 X10"° Torr, contains a conventional
commercial LEED optics assembly and electron
gun. This entire assembly is mounted on a rotary
drive and can be turned about a vertical axis
through the center of the hemispherical LEED
screen. The tungsten crystal is positioned at the
center of the LEED optics mounted on a manipula-
tor which allows independent rotation of the crys-

TO LEED ION PUMP

tal about a vertical and a horizontal axis.® LEED
is performed in the usual manner and the retarding
voltage is chosen such that only electrons which
have suffered inelastic energy losses of less than
2 eV are present in the LEED beams. The LEED
assembly is shielded from stray magnetic fields
by use of a mumetal can and from stray electric
fields produced by nearby biased components by
use of several electrostatic screens. The crystal
manipulator, in conjunction with the movable
LEED optics, enables any one of several LEED
beams to be directed through a narrow horizontal
slit cut in the phosphor screen and into the small
(2-mm-diam) fixed entrance aperture of a system
of electron lenses. The area surrounding this en-
trance aperture is phosphor-coated to aid in cen-
tering the chosen beam on the aperture. Beam
intensities are determined by positioning the beam
immediately adjacent to the aperture and measur-
ing the light output from the phosphor by use of a
spot photometer. The angles reported in this pa-
per have been corrected for this small (<1°) angu-
lar adjustment. Electrons entering the lenses
through the aperture are focused and directed into
the entrance of the accelerating column where they
are accelerated to 100 keV. The electrons then
enter the second vacuum chamber (base pressure
10"® Torr) where, following further collimation,
their spin polarization is determined by the con-
ventional Mott scattering technique.

The Mott scattering technique utilizes the left-
right scattering asymmetry produced as a result
of spin-orbit coupling when high-energy electrons
are elastically scattered at large angles from gold
nuclei in a thin gold f0il.® The scattering asymme-
try resulting from this interaction of a gold nucle-
us and a beam of spin-polarized electrons has been
accurately calculated and experimentally verified
for a wide range of electron energies and scatter-
ing angles.® Although multiple scattering of elec-
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trons in the fold foil reduces the asymmetry, the
correction applicable to the 1000-A thick gold foils
used in this experiment has been determined pre-
viously.'® The asymmetry is largest for electrons
scattered in the plane perpendicular to the direc-
tion of spin polarization, and, for 100-keV elec-
trons, displays a broad maximum at a scattering
angle of 120°. Thus electrons scattered through
angles of 120° in the same plane as the LEED scat-
tering plane are counted in two symmetrically
placed silicon surface barrier detectors. The
pulses produced by these detectors are pulse-
height analyzed in two separate channels, one for
each detector, and those electrons elastically scat-
tered from the foil are counted on scalers. Using
the known scattering asymmetry, the polarization
of the electron beam can be deduced from the ratio
of counts in the two channels.

It is, however, important to identify the effects
of instrumental asymmetries. These are deter-
mined by rotating an aluminum foil into the position
initially occupied by the gold foil. The aluminum
foil exhibits a very small Mott-scattering asym-
metry because of its low atomic number.!* The
true gold scattering asymmetry, and hence also the
instrumental asymmetry and the electron-spin po-
larization, may be deduced from consecutive mea-
surements of the counting asymmetries at the gold
and aluminum foils. In these measurements, the
instrumental asymmetry is typically less than 3%.
As a further check of the Mott analysis system,
two methods are used to test for the presence of
unidentified sources of systematic error in the
polarization determinations. First, the polariza-
tion of electrons scattered both elastically and in-
elastically from a deliberately contaminated sur-
face was regularly measured, and zero pelariza-
tion was observed. Such a result is to be expected
for electrons scattered from common surface con-
taminants of low atomic number (H, C, and O).!?
Second, a tungsten filament is positioned immedi-
ately adjacent to the crystal in the LEED chamber.
Electrons thermionically emitted from this fila-
ment, obviously unpolarized, are directed into the
Mott chamber. The polarization of these electrons
was always measured to be zero.

Considerable care was exercised in the prepara-
tion of the tungsten (001) surface. The crystal was
polished to a wafer 3 X{ X0.005 in. oriented +3°
on the (001) face as measured by x-ray diffraction.
The polished crystal was electron-beam welded to
two tungsten support rods of the manipulator in the
LEED chamber. The surface was initially cleaned
by resistively heating for tens of hours to 1500 K
in research-grade exygen at 107 Torr, inter-
spersed with “flashings” to 2700 K at 107° Torr.
The temperature of the crystal was measured by

use of an infrared telephotometer. Cleanliness of
the surface was monitored using the LEED optics
in the Auger mode. Extended oxygen treatments
were repeated until no carbon could be detected
immediately after flashing. During the course of
data taking, the crystal was subjected to repeated
oxygen treatments consisting of heating the crys-
tal to 1500 K for 3 min in 107 Torr of oxygen.
These treatments were repeated once every two
hours. The crystal was flashed to 2700 K prior to
each polarization and intensity measurement. Fig-
ure 2 shows an Auger scan of the clean crystal
surface with no evidence of contamination. A fur-
ther indication that the flashed surface is indeed
reproducibly clean is provided by the excellent
repeatability of the measured polarizations and
intensities over periods of many months. In ad-
dition, as will be discussed later, the intensity-
energy (I-V) profiles of this experiment agree well
with those reported by other workers.

The data taking was designed to satisfy two re-
quirements. The first requirement is that the in-
strumental asymmetry of the Mott detector be de-
termined, and the second is that all data be taken
soon after flashing the crystal to ensure cleanli-
ness of thetungstensurface. A two-step procedure
was adopted. First, the crystal is flashed to 2700
K in vacuum. During the subsequent 3 min, the
electrons scattered by the aluminum foil into the
two detectors is recorded, with counting rates
being typically 50 counts/sec. The gold foilis then
rotated into the beam; the crystal is flashed again
and for 3 min repeated measurements of the scat-
tering asymmetry from gold are recorded. With
the gold counting rate about ten times the alumi-
num counting rate, gold asymmetries are recorded
approximately every 20 sec to give the same num-
ber of gold counts as aluminum counts. The short
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FIG. 2. Auger scan of the clean tungsten surface.
Positions of the characteristic tungsten, carbon, and
oxygen features are indicated.
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data-acquisition time for the gold foil enables any
change in polarization with time after flashing to
be noted. Although the polarization is in fact ob-
served to be time-dependent, only in exceptional
cases discussed later are significant changes ob-
served over the 3 min used for data taking. The
temperature of the crystal during the 3 min for
which data are recorded was measured and is
between 600 and 500 K. Using the known aluminum
asymmetry, the polarization is computed for each
gold asymmetry. The polarization reported is the
mean of the polarizations obtained from all gold
asymmetries, with a standard deviation about the
mean being typically 2%.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The intensity and polarization of the 00 beam as
a function of the incident electron energy are
shown in Fig. 3 for angles of incidence 6 (i.e., the
angle between the axis of the electron gun and the
normal to the crystal surface) from 10° through
18°in 1° steps. The primary electron beam is in-
cident along the [01] direction in the tungsten (001)
surface. Intensity profiles have been corrected for
changes in incident beam current; polarization
measurements do not require such a correction.
The incidence angles 6 can be reproducibly set to
better than 0.2°. A systematic offset of +3° may,
however, be present at all angles as a result of
uncertainties associated with the exact locations
of the axes of the electron gun and the Mott analy-
sis system.

In Fig. 4 is shown the dependence of both inten-
sity and polarization on the azimuthal angle of in-
cidence ¢ for the 00 beam at 6=13° It should be
noted that the polarization is not necessarily per-
pendicular to the LEED scattering plane unless
this plane is a symmetry plane for the crystal sur-
face. Since the Mott polarization analyzer in this
experiment measures only the component of the
total polarization perpendicular to the scattering
plane, the polarization measured for an arbitrary
¢ is not necessarily the total polarization. For
this reason, the polarizations shown in Fig. 4 for
azimuthal angles other than 0°and 45°are the
components of the total polarization perpendicular
to the scattering plane.

The polarization and intensity of the 10 beam at
normal incidence are shown in Fig. 5. The range
of energies accessible for study is limited by the
geometry of the apparatus. The increased scatter
in the measured polarizations results primarily
from the requirement that both the crystal and the
LEED optics assembly be independently reposi-
tioned at each energy.

The polarization and intensity measured for the
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FIG. 3. Measured intensity-energy (I-V) and polar-
ization-energy (P-V) profiles for the 00 beam from
W(001) for angles of incidence from 6=10° through 6
=18°,

11 beam at normal incidence are presented in Fig.
6. Apparatus geometry again limits the energy
range.

The present intensity data for all beams are in
good agreement with those previously reported.
As an example, comparison between the present
data and those of other workers2(2»2()13 f{5p
the 10 beam at normal incidence is shown in Fig.
7. The close agreement suggests that the present
tungsten surface is indeed clean.

It is clear from Fig. 3 that intensity features are
not as sensitive to electron energy and angle of
incidence as are the polarization features. The
sensitivity to electron energy is illustrated by the
sharp feature at E~ 30 eV where, at 6=17° the
polarization changes from +45% to —35% over an
energy range of 2 eV; and by the feature at E~ 75
eV where, at §=13° the polarization changes from
+20% to —80% over an energy range of 2 eV. The
sensitivity of polarization to angle of incidence is
shown by the dramatic change in polarization at
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FIG. 4. Azimuthal de-
pendence of intensity and
polarization for the 00
beam from W(001) at 6
=13°. The azimuthal angle
¢ is measured between the
[01] direction of the two-
dimensional surface net
and the scattering plane.
The polarization reported
is the component of the
total polarization perpen-
dicular to the scattering
plane.
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E="5 eV. The large negative polarization peak
(~80%) at 6 =17° becomes a large positive peak

(+55%) at 6 =19°.

A direct overlay of intensity and polarization
data is shown in Fig. 8 for the 00 beam at 6=11°,
As discussed previously, in atomic scattering
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FIG. 5. Measured I-V and P-V profiles for the 10

beam at normal incidence from W(001).

large polarizations are observed only at intensity
minima. Figure 8 shows that a rough correlation
of this kind can also be made in LEED. Note es-
pecially the largest polarization features at 55 and
80 eV, where the corresponding intensities are

minimum.

A rel

ated correlation exists between

intensity maxima and small polarizations. Ex-
amples in Fig. 8 occur at E=44, 68, and 116 eV.
However, several obvious exceptions to these cor-
relations are apparent. The polarization peak at

POLARIZATION, %

INTENSITY, arb. units

n
(]

-20

-40

I Beam, Normal Incidence
T T T T I T T T T I T T T T ] T T
1 e 1
T T T
L ..... _
L H 4
R L .
g
- o gt e 1
B P .
L .o 4
PR S WY U NN T, SN MRS | N SN SN SRR R
0 50 100 150
ENERGY, eV

FIG. 6. Measured I-V and P-V profiles for the 11
beam at normal incidence from W(001).
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10 Beam, Normal Incidence

111 v 1 1 1.1 11
b —
THIS EXP'T
@
=
3
> i
£ DEBE et al
£
5]
>_
g .
2 ENERGY SHIFT, -2eV
(V8]
= LEE et al
=
™ ENERGY SHIFT, -2eV .
WEI
1 1 1 1
(o} 50 100 150

ENERGY, eV

FIG. 7. Comparison of the I-V profiles for the 10
beam at normal incidence from W(001). The curves
are from this experiment; from Debe et al. [Ref. 2(c)];
from Lee et al. [Ref. 2(a)]; and from Wei (1970) (Ref.13).
Note that an energy shift of —2 eV has been applied to
the last two profiles.

E =107 eV is not situated at an intensity minimum,
and the intensity peak at E =85 eV has a rather
large negative polarization associated with it.
Detailed study of the correlation of polarization
with intensity shows similar effects at all angles
of incidence. The very largest polarization fea-
tures are usually situated on intensity minima,
and the largest intensity peaks are usually at ener-
gies where polarization is near zero. Exceptions,
however, occur and polarizations can have siz-
able values at energies and angles where intensi-
ties are not small. Crystal structure has been de-
duced mainly from the positions of LEED intensity
maxima with little attention given to behavior near
intensity minima. The whole energy scale is thus
used more effectively if both intensity and polar-
ization measurements are considered in surface
analyses.

Both intensity and polarization data have been
observed to undergo changes with time after the
surface is cleaned. It is because of these changes
that all data are taken within 3 min after the crys-
tal is flashed. A study was made of time-depen-
dent changes in intensity profiles for the 00 beam
at several angles of incidence. A typical result
for an angle of incidence of 11°is shown in Fig. 9.
Significant changes are observed with time after
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FIG. 8. Comparison of intensity and polarization pro-
files for the 00 beam at 6 =11° from W(001).

flashing, the most prominent being the growth of
a peak at E=52 eV and the decay of the peak at
E=T0eV.

The major contaminant is probably carbon mon-
oxide coming from the Mott analysis chamber.
The Mott chamber cannot be baked because of the
presence of sensitive silicon surface barrier de-
tectors and consequently has a base pressure of
about 10™® Torr. Conductance into the LEED
chamber occurs through the electron lens aper-
tures which direct any impurities exactly at the
crystal surface.

Because of the polarization data-taking technique
in which a series of about ten gold asymmetries
are measured over a period of 3 min, changes in
polarization within time periods of 1 min can be
detected. For a vast majority (~90%) of the polar-
ization measurements, no variation in polarization
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FIG. 9. Repeated I-V curves of the 00 beam from
W(001) for §=11°. The time in minutes and seconds
after flashing the crystal is recorded for each profile.
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FIG. 10. Polarization as a function of time after
flaghing the crystal for the 00 beam from W(001) at 6
=11° and electron energy 79.5 eV. Also shown is the
electron current passing through the gold foil and mea-
sured by the Faraday cup in the Mott chamber.

is detected during this 3-min period. Over longer
periods, the polarization is observed to degrade
slowly with time after flashing. A typical example
of this degradation is shown in Fig. 10 for the 00
beam of 6=11°at an energy of 79.5 eV. The slow
drop of polarization toward zero is attributed to
adsorption on the crystal surface of layers of con-
taminants with low atomic number.

At some energies, however, polarizations show
a much more marked change with time. An ex-
ample is shown in Fig. 11 for E=54.5 eV where
3.5 min after the crystal is flashed the polarization
has dropped to less than half its original value. At
the energy of 54.5 eV, theI-Vprofile (Fig. 9) shows
an intensity minimum. Furthermore, over the
same period of 3.5 min, not much change is appar-
ent in the region of this minimum, although a
small feature is appearing at E=52 eV. Appear-
ances are deceiving, however, as is shown in
Fig. 11 by the time-dependence of electron current
passing through the gold scattering foil and into
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FIG. 11. Polarization as a function of time after
flashing the crystal for the 00 beam from W(001) at 6
=11° and electron energy 54.5 €V. Also shown is the
electron current passing through the gold foil and mea-
sured by the Faraday cup in the Mott chamber.

the Faraday cup at the back of the Mott chamber.
Although the I-V profile does not appear to have
changed much at E =54.5 eV, the intensity has in
fact increased by a factor of about four in 3.5 min.
Thus polarizations can be used effectively to in-
vestigate energy regions, primarily intensity min-
ima, where notable changes in intensity are not
apparent from I-V curves, although relative in-
tensity changes are in fact quite large. Thisisa
further example of the way in which intensity and
polarization measurements complement each
other, small changes in I-V profiles being more
easily detected and investigated through polariza-
tion studies rather than intensity measurements
alone.

Preliminary studies of the effects of crystal
heating and of depositing controlled adsorbates
suggest that the observed time dependences of both
polarizations and intensities are determined pri-
marily by surface contamination rather than
changes in crystal temperature.!*

IV. COMPARISON WITH THEORY

Dynamical LEED model calculations incorporat-
ing spin have been developed independently by
Feder and by Jennings. A recent direct compari-
son of their calculations showed excellent agree-
ment.5 Both models are relativistic formulations
of the standard nonrelativistic dynamical LEED
calculations. Each method solves the LEED prob-
lem in three stages.® First, the relativistic scat-
tering phase shifts are determined for the muffin-
tin potential by numerically solving the radial
Dirac equation. Both methods are identical in this
respect. The second stage of the calculations, the
treatment of intralayer scattering, however, is
handled differently in the two formalisms. While
Jennings uses a Pauli two-component generaliza-
tion of the Kambe-Korringa-Kohn-Rostoker meth-
od, Feder uses the layer Korringa-Kohn-Rostoker
method outlined by Pendry.! If N is the number of
beams included in the calculation, both methods
produce a 4N X4 N transfer matrix for the layer
giving the relationship between the 2N outgoing
plane-wave spinor amplitudes to those incident on
the layer. Because of the inclusion of spin, the
dimensions of this transfer matrix are twice as
large as in nonrelativistic calculations.

The third stage of the LEED problem, interlayer
scattering, is also treated differently by Jennings
and Feder. Jennings diagonalizes the transfer
matrix to obtain the plane-wave spinor amplitudes
of the back-scattered waves. Feder, on the other
hand, uses the “layer doubling” method.

Since the inclusion of spin doubles the dimen-
sions of the transfer matrices as compared to a
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FIG. 12. Comparison of theoretical [Refs. 2(a), 2(c),
and 13] and experimental I-V and P-V profiles for the
00 beam from W(001) at §=11°, @ measured polariza-
tions; — theoretical results, 10% contraction of the top
interlayer spacing; -- theoretical results, no surface
contraction. An energy shift of —5 eV has been applied
to all theoretical profiles.

nonrelativistic calculation applied to the same sys-
tem, computing time for matrix operations, which
scales roughly as n® for n Xn matrices, is in-
creased by a factor of about 8 over a nonrelativis-
tic calculation.

Both Feder and Jennings have used their pro-
grams to investigate the relative sensitivities of
intensity and polarization to various parameters
describing a crystal surface.®* These parameters
include inelastic processes, top interlayer spacing,
and the surface potential barrier. Their calcula-
tions suggest that spin polarization is sensitive
to these parameters with the sensitivity, in some
cases, being greater than for intensity.

Comparisons can be made between intensity and
polarization profiles predicted by theory and those
measured in this experiment. Figure 12 shows
predictions of Feder!® for the 00 beam with 6=11°
for two different spacings of the top interlayer,
one being the bulk interlayer spacing and the other
a 10% contraction. A nonreflecting surface barrier
was used in those calculations. Superimposed are
the experimentally measured profiles. It is obvi-
ous that virtually no agreement exists between the
experimental I-V curve and either of the theoreti-

0 ngm, Normal Incidgngg "
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FIG. 13. Comparison of theoretical [Refs. 2(a), 2(c),
and 13] and experimental I-V and P-V profiles for the
10 beam from W(001) at normal incident. ® measured
polarizations; — theoretical results, 10% contraction of
the top interlayer spacing; -- theoretical results no
surface contraction. An energy shift of —5 eV has been
applied to all theoretical profiles.

cal curves. On the other hand, some agreement
exists for polarizations. Both theoretical polar-
ization calculations show the same feature seen
experimentally between E ~ 65 eV and E= 115 eV.
Although no definite conclusions can be drawn from
this energy region, the experimental curve seems
to lie closer to the theoretical profile for a sur-
face contracted by 10% than to that for an uncon-
tracted surface. No agreement between theory and
experiment, however, exists at either lower or
higher energies. This lack of agreement is not
surprising considering the poor comparison of
intensity profiles.

A second comparison between theory and experi-
ment is shown in Fig. 13 for the 10 beam at nor-
mal incidence.'® The agreement between theoreti-
cal and measured profiles is significantly better
than for the 00 beam in Fig. 12. Although the
double peak at E~100 eV calculated theoretically
has never been observed experimentally (see Fig.
7), there is reasonable agreement between experi-
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ment and theory for a surface 10% contracted.

The polarizations predicted by theory show
sharp, large features. Furthermore, in contrast
to the intensity results, the calculated polariza-
tions for the two values of top interlayer spaeing
are completely different. It is on the basis of cal-
culations such as these that Feder'® suggests that
polarization may be more sensitive than intensity
to the top interlayer spacing. A comparison of the
experimental polarization profile with the theoret-
ical ones shows better agreement for a 10% con-
traction especially with respect to gross features.
However, any conclusion as to this spacing will
require theoretical calculations for interlayer
spacings on a finer scale.

The rather limited agreement between experi-
ment and theory is perhaps not discouraging, es-
pecially considering that the theoretical calcula-
tions were made with virtually no experimental
polarization measurements to guide the choice of
surface parameters.

V. CONCLUSIONS

Simultaneous measurement of intensity and po-
larization in LEED experiments should provide
the basis for improved self-consistency in deter-
mination of parameters describing the crystal sur-
face. Crystal structure has previously been de-
duced mainly from the positions of intensity maxi-
ma. In contrast, polarization features are more
pronounced near intensity minima. Added confi-
dence should accrue to theoretical structure
models capable of predicting both intensity and
polarization profiles.

In addition to providing a useful surface diagnos-

tic, polarization in LEED may be useful both as a
source of polarized electrons and as a low-energy
polarization analyzer. The large measured polar-
izations suggest that LEED from a crystal surface
may provide yet another means for producing spin-
polarized electrons.® Indeed, in the course of this
experiment, and with a 1-pA beam incident on the
crystal, polarizations in excess of 70% have been
obtained with LEED beam currents estimated to
be about 1 nA. The sign of the polarization can be
reversed by a judicious change in either the angle
of incidence or the energy of the primary beam.
Higher currents can easily be obtained at the ex-
pense of lower polarizations.

Further, the significant polarization effects in
LEED could provide the basis for a spin-polariza-
tion analyzer that would operate at low voltages
and with greater sensitivity than Mott analysis
systems.'*
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