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1. INTRODUCTION

THE APPLICATION of electron reflection [1] and
absorption [2-4] measurements to the identification
of major features in the unoccupied electronic band
structure of solids has loag been established. As an
extension of these measurements to ferromagnetic
materials, Tamura et al. 5} suggested measuring the
spin-dependence of low-cnergy electron absorption
or refiection and went on 1o calculate the dependence
of the elastically reflected current on the spin
orientation (relative to the sample magnetization)
of a polarized electron pbeam incident on a Fe(001)
surface. Recently, comprehensive measurements of
the normalized difference in the absorbed or reflected
current for incide ~t electron spin parallel and anti-
parallel to the sample magnetization have been made
on Fe(110) [6, 7] These difference (or ‘‘spin
asymmetry”) measurements have demonstrated the
importance of the spin-split bulk band structure for
the spin-dependent transmission and reflection of
clectrons at energies up to 50 eVv.

We report here the first comparison of calculated
elastic electron reflection spin asymmetries to experi-
ment. We find good agreement between experiment
and theory, and demonstrate the advantages that a
spin-polarized electron reflection measurement has
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and surface structure. In Sections 2 and 3 the
experimental and theoretical methods employed are
briefly outlined. The results are discussed in Section 4
and a description of how certain elastic scattering
effects from iron may be used in an electron spin-
polarization detector is also included.

2. EXPERIMENT

to measure the elastic
reflected current spin asymmetries has been de-
scribed in detail elsewhere [6]. In short, a spin-
polarized primary clectron beam (polarization
Py ~ 20-30% and energy Eq = 0-50eV) is focussed
through the center of a 3-grid hemispherical LEED
analyzer. The 3-grid LEED analyzer is used as a
retarding field energy analyzer for the reflected
electrons, with the second grid properly biased to
reject inelastically scattered electrons and the third
grid used as a collector. For the data presented here,
the retarding voltage on the second grid was chosen
such that electrons suffering less than 1.5 eV energy-
loss were accepted. While the sample is connected to
ground the first grid is held at constant potential to
compensate the electric field between the sample and
the LEED optics due to unequal work functions. The
primary electrons are incident upon the (11 0) face of
an iron single crystal in the (00 1) plane at an angle of
15° from normal incidence. The incident electron

The apparatus used
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spin-polarization is either parallel or anti-parallel to
the remanent sample magnetization along the (001)
direction. The reversal of the incident electron
polarization at & frequency of 1 kHz allowed the use
of a lock-in technique to detect the dependence of the
elastic reflected current on primary electron polariza-
tion. The measured spin asymmetry A(E;) is thus
defined as '
1 -
|Pol 1" + v’
where I'(1') is the quasi—elastically reflected current
with incident electron spin polarization Py parallel
(anti-parallel) to the majority electron spin in the
sample.

A(Ey) = (1)

3. THEORY

Calculations were done with a relativistic layer-
KKR formalism for ferromagnets (cf. [8] and
references therein), which was recently extended —
beyond the usual muffin-tin approximation - 10
allow for non-spherical effective potentials and
magnetic fields in spheres around the lattice sites [9].

For the potential input we took, in addition to a
conventional bulk form, results from a recent self-
consistent full-potential linear augmented plane-wave
(FLAPW) calculation (using the Barth—Hedin
exchange-correlation approximation {10]) for a five-
layer slab of Fe(110) [11]. The corresponding
magnetic moments Der atom are 2.6up for the
surface layer and 2.32pup for the central layer, as
compared to about 2.2ug from self-consistent bulk
calculations (e.g., 2184 from [12]). The real and
imaginary parts of the inner potential were chosen as
the energy-dependent forms deduced in [5}. The real
part of the surface potential barrier was taken as
continuous with image asymptotic behaviour as
suggested in [13]. Its imaginary part was assumed as
a Gaussian.

The elastic reflected current was calculated as the
sum of the intensities of all elastically reflected beams.
For the exchange-induced asymmetry Wwe took, in
accordance with the experimental procedure, the
normalized difference of the currents for the
primary-beam polarization parallel and antiparallel
to the sample spin orientation, averaged Over two
opposite sample magnetization directions. For Fe, this
quantity (labelled A, on p. 169 of [8)) is only very
weakly affected by spin—orbit coupling and thus a very
good approximation L0 the true A, (cf. (8}, p- 170).

4. RESULTS

The measured and calculated spin asymmetries of
elastically reflected current and the related spin
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averaged currents for electrons incident at 15° from
normal as a function of primary energy are displayed
together in Fig. 1. We sce generally good agreement
between the asymmetries [Fig. |(b)] from experiment
and theory, in particular with respect to the relative
magnitude of the major features around 5eV and
30 eV, the existence and energetic positions of zero-
crossings (around 25, 35, and 45¢V), as well as the
overall shape of the features between 5 and 15¢V and
between 25 and 40 eV. We note that, 10 make contact
with the measurements, the :alculated spin-depen-
dent intensities and consequertly the asymmetry and
the spin-averaged intensity ‘Fig. 1(a)l have been
broadened by a Gaussian of width 0.5 eV. Thus, fine
structure features associated with the emergence of
LEED beams are washed cut. But, as the figure
shows, there is still one significant deviation of
experiment from theory: the measured absolute
asymmetry peak values are only about half of the
calculated ones. This is most probably due to a
combination of several effects: (i) insufficient energy
resolution of the primary beam (approximalcly
0.5eV), (i) the angular integration of the measured
reflected current (in the experiment the diffuse elastic
background intensity is induced, while not in theory),
and (iii) the collection of a finite amount of
inelastically reflected elec-rons  (recall  that the
retarding  field analyzer 1S operated 10 collect
electrons suffering less than 1.5eV energy-10ss).

If the surface layer potential from [11] 18
replaced by the central laye: potential, the calculated
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Fig. 1. Elastic reflected current from Fe(110) for

polarized electrons incident on Fe(l 10) at polar
angle 15°: (a) spin-averaged intensity, (b) exchange-
induced scattering asymmetry. Experiment (dotted
lines, right hand scale) and theory (left hand scale)
for surface magnetization enhanced according to
Ref. [11] (full lines) and bulk-like (dashed lines).
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asymmelry is seen to change around 9¢V and in the
peak at 33c¢V, the latier agreeing better with
experiment for the surface layer potential, which is
associated with a 10% cnaanced magnetic moment,
Morec surprisingly, the intensity spectrum for the
surface layer potential sho vs an overall enhancement
by about 25%. We attribuze this not to the enhanced
moment as such, but ratiacr to the different radial
shape of the spin-split potentials, which have a larger
jump at the atomic sphere radius (for details see
Fig. 1 of [9]).

The peaks in the reflected current [Fig. 1(a)] are
corrclated with gaps in thc quasiparticle energy band
structure of the bulk and the asymmetry [Fig. 1(b)]
directly reflects the exchange splitting of this band
structure. This is similar to the observations used
earlier for the target current [S]. In the reflected
current, however, features can be identified directly,
without recourse to taking first and second deriva-
tives of the data such as Jone in [5]. Measurements
and calculations for furiher angles of incidence,
between 9 and 19 degrees incidence, show essentially
similar results, with the same quality of agreement
between thecory and exper:ment.

In particular, around SeV there is always a large
asymmetry peak associated with a fairly high
intensity. This peak recommends itself as a particu-
larly useful working point for an electron spin
polarization detector. Eariier experiments [6, 7] have
shown that, in this cnergy range, the asymmetry does
not decrease in magnitude if the total reflected
current is measurcd. This eliminates the need for
cnergy discrimination of the reflected electrons, and
therefore makes the realization of such a detector
cven simpler. Since the figure of merit F,, of a spin
polarimeter [14] is typically defined as

{
[7»1 - MAZV

where /, is the current into the detector (here:
primary current), / is thc measured current (here:
reflected current) and A4 is the measured asymmetry.
Collecting the total (energy-integrated) current with-
out a loss of asymmetry rcsults in an increase in the
efficiency of this detector. At the low energies
proposed for this polarimeter, the fraction of
incident electrons that are reflected is 20%. Thus
the figure of merit of the prroposed detector would be
approximately 8 x 107%. This exceeds a recent spin
detector based on reflection from a Fe(00 1) surface
[15] by about a factor of two and is more than an
order of magnitude better than earlier spin detectors
(cf. Refs. [16. 17]). Further advantages of the present
detector are the following. Additional measurements
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(6] show that the reflected spin asymmetry for
primary energies between 5 and 10eV is rather
insensitive to the angle of incidence around 15°
within a range of +4°. Furthcrmore, the collection of
the angle integrated reflected current, in marked
contrast to most existing spin polarimeters, increases
the insensitivity to improper alignment. Calculations
reveal that this asymmetry peak does not respond to
changes (by about £20%) of the surface magnetiza-
tion. Some reduction of the latter, ¢.g. by contamina-
tion of the surface, should, thercfore, not affect
the operation of the detector. In our experiments the
exposure to 2L oxygen resulted in a reduction of
the asymmetry peak valuc from 20% to 19%, while
the reflected current remained unchanged.

5. CONCLUSIONS

The intensity and the exchange-induced scattering
asymmetry of the elastic low-energy electron reflec-
tion current from a magnetic Fe(1 1 0) surface have
been obtained in good agreement experimentally and
theoretically. Below 10eV, a strong asymmetry
feature occurs together with strong intensity, which
seems very suitable for a highly efficient spin
polarization detector. Further advantages of this
proposed polarimeter are its insensitivity against
moderate changes of the angle of incidence and
against some reduction of the surface magnetization.
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