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The first low-energy-electron-diffraction measurements using a polarized incident elec-
tron beam are reported and compared to measurements where an unpolarized incident
beam is analyzed after scattering. Whereas, because of multiple scattering, equivalence
of the two measurements is not expected in general, excellent agreement is obtained for
specular scattering in the (010) plane from W(100). A theoretical argument is presented
for the case where the scattering plane is a mirror-symmetry plane of the crystal.

Electron scattering from both free atoms and probe and to demonstrate that under certain sym-
surfaces is a spin-dependent process; i.e., the metry conditions measurement of the dependence
cross section for scattering an electron at a giv- of the scattered intensity on incident-beam polar-
en energy and angle will in general be different ization, and the measurement of the polarization
for electrons with spins aligned up or down rela- of an initially unpolarized beam after scattering,
tive to the scattering-plane normal. This comes are equivalent. In recent polarized low-energy-
as a consequence of the interaction between the electron-diffraction (PLEED) studies, ' ' an un-
incident electron's spin, s, and its orbital angu- polarized incident beam was scattered from a
lar momentum, L, as it scatters from the atom crystal, and the polarization P(E,e) induced by
core. This spin-orbit interaction energy is pro- the crystal in the scattered beam was measured
portional to (1/r)(dV/dr)s ~ L, where V is the with respect to the scattering plane normal n
scattering potential. As a consequence of the =(%X%')/~%&%'~, where% and & are the electron
different cross sections, an unpolarized beam wave vectors before and after scattering. ' In
(made up of equal number of spin-up and -down contrast, we use a polarized incident beam to
electrons) will be polarized after scattering, determine the strength of the spin dependence of
and an initially polarized beam will scatter with the scattering,
different intensity when its spin direction is
changed from up to down. l I(P,) -I(-P,)

The purpose of this paper is to report the first P, I(P,)+I(-P,) ' (l)
use of a beam of polarized electrons as a surface
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FIG. &. LEED apparatus in which the conventional
electron gun is replaced by the negative-electron-affin-
ity GaAs polarized-electron gun. The polarization of
the electron beam is modulated in phase with the chang-
ing circular polarization of the light produced by the ro-
tation of the quarter-wave plate (A/4). The longitudinal
polarization is changed to a transverse polarization by
the 90' spherical deflector. The spin-modulated beam
which has constant intensity is incident on the sample
crystal. Any modulation in the scattered intensity de-
tected by the Faraday collector (FC) results from spin-
dependent scattering. (The FC is actually out of the
plane of the drawing for measurement of a spin-depen-
dent signal. )

1350

by measuring the change in the intensity of a scat-
tered beam for a given polarization I', of the in-
cident beam modulated sinusoidally parallel (P,)
or antiparallel (-P,) to the normal to the scatter-
ing plane. S(E,8) is a property of the crystal and
is independent of the magnitude of Po.

In scattering from atoms it is well known' that
Pg', 8) =S(E,8). In electron diffraction from sol-
ids, the situation is complicated by multiple scat-
tering and the lower symmetry of the crystal sur-
face and in general P(E, H) WS(E, H). In this work
we present the first experimental diffraction
measurement of S(E,8) at a solid surface and the
first comparison to P(E, H) measured' in the
same scattering geometry. We find that S(E,8)
=P(E, H) for scattering of the specular beam on
W(100) incident at an azimuth in the (010) plane.
We present a theoretical argument which shows
that the equality between P(E, H) and S(E,H) aris-
es in cases where the scattering plane is a mir-
ror-symmetry plane of the crystal.

To measure S(E,H) we have developed a new ex-
perimental technique in which a polarized-elec-
tron gun is added to an otherwise conventional
LEED apparatus as shown in Fig. 1. This allows
the measurement of the polarization information,
S(E,8), simultaneously and at the same speed as
the usual intensity measurements. The polarized-
electron source' used in these experiments con-
sists of a GaAs photocathode from which a beam

current of 10 ' A is extracted with an energy
spread of less than 0.2 eV. The beam polariza-
tion may be reversed in direction by changing the
helicity of the circularly polarized incident radia-
tion. The beam current remains constant while
the polarization is modulated, typically at 37 Hz.
Thus any modulation observed in the diffracted
signal must correspond to a spin-dependent term
in the scattering. A Faraday collector can be
positioned on a LEED spot and can scan both the
polar and azimuthal scattering angle. The signal
measured at the Faraday collector has both an
average (dc) value and an ac component at the
modulation frequency. The dc signal is the spin-
averaged I EED intensity, while the size of the
phase-locked ac signal directly measures the
spin dependence of the scattering.

We measured S(E,H) from a W(100) crystal
which was cleaned by heating several hours in 1
&10 ' Torr 0, at 1800 K with flashes to 2500 K,
and then flashing to 2500 K in ultrahigh vacuum
before each data run. A single data run accumu-
lated the S(E,8) and I(E,H) profile over the inci-
dent energy range of 50 to 150 eV in 1-eV steps
with an integration time of 1 sec per point. The
temperature of the crystal was held between 500
and 650 K during the measurement to prevent re-
construction and thus maintain a 1&&1 pattern. '
Scanning of the Faraday cup through the (2i, 2i)

beam position gives only the background intensity
indicating that the surface is truly a 1&1 pattern
under our experimental conditions. The repro-
ducibility of the S(E,H) profile was excellent with
agreement being obtained over periods of many
weeks and from two different crystals.

The measured S(E,H) for specular scattering
from W(100) at an angle of incidence of 15' is
shown in Fig. 2. From S(E,H) and the average
I(E,H); we can determine the intensity curves
that would result if the incident beam were entire-
ly spin up or spin down; these curves are shown
in the bottom of Fig. 2. Spin-dependent effects
can be very large; at the 79-eV minimum I~ is
5 times-I~, and even at the 86-eV maximum Ii
is approximately twice I~.

In order to determine the relationship between
previously measured P(E, 8) and our S(E,H), we
measured S(E,H) andI(E, H) of the (00) beam for
polar scattering angles from 160' to 146' where
P(E, H) data are available. This corresponds to
an angle of incidence range of 10' to 17' which we
measured in 1' steps. The I(E,H) curves are in
good agreement" with other available data. " In
Fig. 3 we compare our S(E,H) measured with the
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FIG. 2. The spin dependence of the scattering $(E, g)

is plotted for specular diffraction from W(100) at an an-

g e of incidence of 15 . The scattered ' t 't'e in ensi ies result-
ing from an incident beam consisting of lon y spin up '~)
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polarized incident beam to P(E, H) measured bmeasured by
aart et al. using an unpolarized incident

beam and Mott detector. ' The magnitude of our
source polarization, expected' to b

'
th

o -50 0, was taken to be 43%%uo based upon a com-
parison" of our data aAd that of Kalisvaart et al,.'
at an angle of incidence of 13' Th 1e excellent rel-
ative agreement in magnitude of S(E 6) d P(

) a

different

energies and angles demonstrates
their equivalence when the scattering plane is a
mirror-symmetry plane of the crystal.

In order to understand this result, we use a
general formulation to compare the two measure-
ments. Let M;, $', k) be the amplitude that an

y spin s and propaga-electron initially specified by s '
d

tion vector k is scattered by the crystal into a
state s ecified bp

' '
y s and ~. Since in spin space

rix, i can in generalthis amplitude is a 2 x 2 matrix 't
be expanded in terms of the Pauli matrices,

~(%', k) =A (R', %) + B(E'I%) ~ O .
Here A is the scalar scattering amplitude and the
vector B indicates spin flipping in the directions
perpendicular to B. Using density matrix meth-
ods P&E 8& ao s, (, ) and S(E,e) are readily determined. '

INCIOENT ENERGY (eV j

FIG. 8G. 8. Our measurements of S(E, O) (solid line) are
compared to the measurements E(E 0)

to 17'.
e . 0 t e 00 beam for angles of incidence fro 10'

7 . The scattering plane is in a (010) plane of the

the text.
crysta . The curves are normalized a das escri ed in

Relative to any spin quantization axis g, we find

P=AB*+A*B+iBxB*
AA*+B B

A B*+A.*B—iBx B*
AA~+ (4)

For elastic scattering by nonaligned atoms,
spherical averaging over all possible atomic ori-
entations ensures that S =P and each is maximal
when j lies along the normal to the scattering
plane. ' However, in general 84 P as is apparent
from the above expressions. For PLEED, the
interaction Hamiltonian including exchange and

spin-orbit terms is invariant under the point
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group of the crystal. Thus, independent of the
strength of the interaction, the symmetry of the
sca,ttering amplitude, Eq. (2), is determined
by the combined symmetry of the crystal and the
incident electron. For non-normal incidence onto
W(100) in the (010) plane, the C,„symmetry is
broken to leave only the two-dimensional reflec-
tion group C,." Provided the crystal wave func-
tion is initially invariant under reflection in the
(010) plane (in particular, there cannot be ferro-
magnetic or ferrimagnetic order), the elastic
scattering amplitude is invariant under reflec-
tion." In this case consideration of the matrix
elements of the commutator of the scattering T
operator "with the reflection operator requires
that 8 be normal to the scattering plane; hence
Bx B* rl =0, and consequently S(E,8) and P(E, e)
are equal and maximal when meaaured normal to
the reflection (scattering) plane. "

The PLEED measurement determines a new ob-
servable which, being sensitive to the gradient
of the potential, may offer new insight into the
diffraction process. The dramatic change in po-
larization profiles from one diffraction condition
to another suggests that this observable is very
sensitive to surface structure; measurements
are under way to determine the usefulness of
PLEED in surf ace- structure determination. In
summary, we have described the first use of a
polarized electron beam as a surface probe, and
have applied it to reveal a symmetry principle in
low-energy-polar ized-electron diff raction.
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