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For spin-polarized electrons in the energy range of 8–21 eV incident off-normally on a W�110� surface, we
have measured the energy distribution of secondary electrons using a time-of-flight technique and a position-
sensitive detector. Selecting the elastically scattered electrons in the specular direction, we obtained the spin
asymmetry of the �00� low-energy electron diffraction beam as a function of the primary electron energy and
incidence angle. Calculations on the basis of a relativistic multiple scattering formalism, with potential input
derived from the self-consistently calculated ground state electronic structure, yielded �00� beam spectra in
rather good agreement with their experimental counterparts. In particular, we found a prominent asymmetry
feature of about 60% slightly below the emergence threshold energy for two nonspecular beams. Its physical
origin is a region of strong spin-orbit coupling between even and odd bulk states, but its size, sign, and energy
depend sensitively on the surface potential barrier, which identifies it as a surface resonance. Experimentally,
the surface sensitivity of the large asymmetry is revealed by its sign reversal after oxygen exposure.
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I. INTRODUCTION

Elastic and inelastic scattering of spin-polarized low-
energy electrons from a solid surface are largely used for
studying spin-dependent electron scattering dynamics, the
spin-dependent electronic structure of ferromagnetic sur-
faces, magnetic surface excitations, and also the geometrical
surface structure �cf. Refs. 1–3, and references therein�. For a
nonmagnetic surface, the spin effect in elastic scattering is
due to the spin-orbit interaction, which is strongest for high-
Z materials such as Pb, Au, and W. Tungsten is the ideal
model target, since its surface can be prepared and cleaned in
a reproducible way that allows for a comparison of results
obtained by different methods. It has been studied by most of
the surface science techniques providing, together with cor-
responding theoretical work, rather complete information on
the electronic and geometric structures of the surface.

Spin-polarized low-energy electron diffraction �SPLEED�
from W�001� has been studied extensively both experimen-
tally and theoretically.4,5 Even a spin detector based on
SPLEED from W�001� was developed.6,7 Much less is
known about SPLEED from the �110� surface of W. Polar-
ization analysis of the �00� beam from W�110� was success-
fully used to determine the surface structure by means of
rotation curves.8 To the best of our knowledge, there was
only one measurement of the intensity asymmetry of the �00�
beam from W�110� as a function of the primary energy using
spin-polarized incident electrons.9 In the two last-mentioned
experiments, the energy was in the range from 30 to 100 eV.

On the other hand, the spin-dependent reflectivity of elec-
trons in the range of energies below 20 eV is very interesting
and important for several reasons.

�i� Surface resonances at energies just below the emer-
gence of new diffracted beams are observed as low-energy

electron diffraction �LEED� fine structures �cf. review Refs.
10 and 11�. They arise from multiple scattering of electrons
between the topmost atomic layer and the surface potential
barrier. These resonances have mainly been studied with un-
polarized incident electrons.12 The extension of these mea-
surements to a polarized incident beam allows insight into
the spin dependence of surface resonances.

�ii� The surface potential barrier on metals plays a promi-
nent role in very-low-energy electron scattering. The knowl-
edge of its shape is very important in the proper description
of phenomena such as adsorption of atoms on the surface,
secondary emission, photoelectron emission, and the contact
potential between two metals. For the determination of the
surface barrier on W�001� and W�110�, the measurements of
fine structure profiles in very-low-energy electron diffraction
have been performed successfully.13 Adding a new variable,
spin, in such measurements provides additional information
for theoreticians for an adequate description of the scattering
experiment and the surface potential barrier itself.14–17

�iii� The fine structure in angle-resolved secondary elec-
tron spectra has been shown theoretically18 and experimen-
tally �cf. Ref. 19, and references therein� to replicate in detail
the fine structure in corresponding LEED spectra. For non-
normal emission, spin-orbit coupling has been theoretically
predicted to produce spin polarization of the emitted elec-
trons.18 The intensity asymmetry in secondary emission from
W�110� excited by spin-polarized electrons was observed
experimentally.20 The interpretation of the spin-polarized
secondary emission spectroscopy can be related to the
SPLEED measurements in the corresponding energy range.

�iv� The spin-dependent reflectivity of low-energy elec-
trons is directly related to the spin-dependent electron trans-
mission through the surface into the crystal. At the experi-
mental conditions, when the reflectivity shows a high spin
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asymmetry, the surface works like a “polarization filter” for
electrons. Knowledge of these conditions provides an oppor-
tunity for the “spin injection” into the crystal using unpolar-
ized electrons. This effect might be relevant to the spintronic
devices, where the spin injection is one of the important
issues.

In this paper, we present a joint experimental and theoret-
ical investigation of the intensity asymmetry of the specular
reflection of spin-polarized electrons from a W�110� surface
in the energy range of 8–21 eV.

II. EXPERIMENTAL DETAILS

We measured the intensity asymmetry of electrons elasti-
cally scattered from the W�110� surface under diffraction
conditions in specular geometry ��00� diffraction beam� for
spin-polarized primary electrons with energy from
8 to 21 eV. The energy distributions of inelastically scat-
tered electrons were also measured. The measurements have
been carried out at various incidence and detection angles as
described below.

The experiments were performed in UHV conditions,
with the base pressure in the 10−11 Torr range. The W�110�
crystal was mounted on a rotatable manipulator in such a
way that the �11̄0� direction was along the rotational axis and
perpendicular to the scattering plane that contains the normal
to the sample surface and the detector �Fig. 1�.

The sample was cleaned in vacuum using a standard
procedure21 including oxygen treatment at 10−7 Torr oxygen
pressure and 1400 K sample temperature, followed by a few
high-temperature flashes up to 2300 K. The cleanliness of
the surface was monitored by Auger electron spectroscopy
and low-energy electron diffraction as well as by two-
electron coincidence spectroscopy, which is very sensitive to
the presence of oxygen.22 The angle between the incident
electron beam and the axis of the detector, as shown in Fig.
1, is �+�=50°. We used a time-of-flight technique for elec-
tron energy measurements.23 The incident electron beam is
pulsed with a pulse width less than 1 ns to have a reference
point on a time scale. Scattered and ejected electrons are

detected by a position-sensitive detector based on 75 mm
diameter microchannel plates. The flight distance from the
sample to the center of the detector is 126 mm. Position
sensitivity of the detector allows the flight distance correc-
tion for electrons arriving at different positions on the detec-
tor.

The energy resolution of this technique depends on the
electron energy: it is better for slow electrons than for fast
electrons. It can be estimated by a half-width of 0.5 eV for
13 eV elastic maximum. The spin-polarized electron gun is
based on photoemission from a strained GaAs crystal acti-
vated by Cs and oxygen adsorption.24 Photoelectrons excited
by a circularly polarized light from a diode laser with the
wavelength of 836 nm are initially longitudinally polarized.
They pass through a 90° deflector such that the emergent
beam is now transversely polarized. The polarization P of
the electron beam was measured to be 66±2% in two sepa-
rate experiments. One includes the measurements of P3
Stokes parameter on atomic neon, and the second, measure-
ments of the known asymmetry of Stoner excitations on a
ferromagnetic surface. It can be reversed from P to −P by
changing the sense of circular polarization of the laser light
incident on the GaAs photocathode. The degree of polariza-
tion is rather stable during measurement time, which was
confirmed by repeatedly performed measurements of the
scattering asymmetry. For a given primary energy and fixed
experimental geometry, the energy distribution curves of sec-
ondary electrons are measured for spin-up �Iu� and spin-
down �Id� polarizations of the incident beam, and then these
two spectra are compared in terms of spin asymmetry, which
is defined as A= �Iu− Id� / �Iu+ Id�. To avoid the influence of
the incident electron current drift or the sample surface con-
tamination on the spin asymmetry during the measurements,
the polarization of the beam was reversed every 5 s.

We used the position sensitivity of the detector to select
only electrons that scattered coherently and formed a diffrac-
tion pattern. Figure 2�a� represents a three-dimensional �3D�
image of the �00� diffraction pattern on the detector. Figure
2�b� shows the projection of this image on the x coordinate
of the detector. The black rectangle on the figure indicates
the selected area of the detector, which is assigned to the
diffraction spot. The rectangle crosses the projection at about
half of its height. Such a selection provides reasonable sta-
tistics for the diffraction peak and cuts out nonspecularly
scattered electrons. The gray cylinder in Fig. 2�a� indicates
the 3D representation of this selected area. One can see that
the cylinder embraces almost the entire peak. Figure 2�c�
presents an image of the �00� diffraction pattern on the de-
tector in a logarithmic intensity gray scale for �=�=25° and
primary energy 13 eV. The white circle shows the selected
area �inside the circle�, which we assigned to the diffraction
spot. It means that we can effectively choose the acceptance
angle of detection by selecting a certain area on the detector.
The experimental data on SPLEED asymmetry presented in
this paper are calculated using scattering intensities inside
the selection circle. We note here that the selection of elasti-
cally scattered electrons inside this circle increases the mea-
sured intensity asymmetry. In the inelastic part of the spec-
trum, the intensity asymmetry even changes the sign when
we change the selection from inside to outside the circle.

y

W(110)

[ ]011

x

z

250
250

“spin-up”
detector

FIG. 1. Geometry of the experiment.

SAMARIN et al. PHYSICAL REVIEW B 76, 125402 �2007�

125402-2



This part of the spectrum is not discussed in the paper be-
cause it is not within the scope of the paper. The energy-
dependent reflectivity of the elastic scattering for spin-up and
spin-down electrons was not measured because we could not
control reliably the incident electron current, which varies as
a function of energy.

III. THEORETICAL APPROACH

Spin-dependent LEED intensity spectra and the corre-
sponding spin-orbit-induced asymmetry spectra from W�110�
have been calculated by means of a relativistic layer
Korringa-Kohn-Rostoker code �cf. Refs. 1 and 25�. In view
of further interpreting individual features of these spectra,
the same code was employed to obtain bulk band structures
without and with spin-orbit coupling. In the following, we
specify the geometry and the effective one-electron potential,
which we have used as input for the above calculations. Spe-
cial attention is paid to the surface potential barrier, since it
plays an important role in determining, via multiple scatter-
ing, the asymmetry features, which we have observed experi-
mentally.

As one would expect for a close-packed surface, W�110�
is not reconstructed except for a possible slight relaxation of
the topmost atomic layer. While earlier LEED analyses sug-
gest no such relaxation, more recent studies using LEED
intensity spectra,26,27 SPLEED rotation diagrams,8 and pho-
toelectron diffraction28 agree with each other that the top-
most interlayer spacing is reduced by about 3% with respect
to the bulk value. This is also supported by first-principles
calculations.26 We, therefore, choose in our calculations an
inward relaxation of 3%.

For the purpose of constructing the quasiparticle potential
input for our SPLEED calculations, we computed the elec-

tronic structure of the ground state of a nine-layer W�110�
slab with the above surface geometry within density func-
tional theory by means of the full-potential linearized aug-
mented plane wave program package WIEN2K �Ref. 29� using
a local density approximation for the exchange-correlation
energy. The thus obtained potential was cast into muffin
form.

For the quasiparticle potential in the bulk region, we use
the resulting layer-dependent spherically symmetric potential
parts and the constant real inner potential augmented by a
spatially uniform complex self-energy correction. The imagi-
nary part V0i of the latter was taken from previous LEED
experience as −0.1�E+��0.83 eV, where E denotes the inci-
dent electron energy and � the work function, which for
W�110� is �=5 eV. For the real part of the self-energy cor-
rection, a constant of 1 eV �yielding a real inner potential of
15.85 eV� turned out to be acceptable for matching our
present experimental data.

The surface potential barrier, strictly speaking, involves
an energy-dependent complex nonlocal electronic self-
energy term. From this one may derive an effective local
form felt by quasielectrons �cf., e.g., Ref. 30, and references
therein�. For our present purpose, it suffices, however, to
adopt a local model form with adjustable parameters, the
initial choice of which is guided by the near-surface form of
the ground state surface potential barrier. In contrast to the
latter, this model form has the asymptotic image behavior
and can simulate dynamic effects �in particular, energy de-
pendence�. For its real part Vr�z�, we take the following spe-
cial case of a model previously used for LEED.31 Placing the
crystal in the half-space z�0 with the topmost internuclear
plane at z=0, Vr�z� has �in a.u.� the image form 1/ �4�z
−z1�� for z�z2=2z1�z1�0, where z1 and z2=2z1 specify an
image potential plane and a matching plane, respectively. For
z2�z�0, Vr�z� is a third-order polynomial such that it
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FIG. 2. �a� 3D image of the diffraction spot on the position-sensitive detector; gray cylinder represents the selected area assigned to the
diffraction spot. �b� Projection of the diffraction spot image on the x coordinate of the detector; the black rectangle shows the selected area
of the diffraction spot. �c� Image of the �00� diffraction pattern on the detector in a logarithmic intensity gray scale; the white circle shows
the selected area �inside the circle�, which is assigned to the diffraction spot.
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matches, up to the first derivative, the real inner potential at
z=0 and the image potential form at z2. Choosing z1=−2.7
bohr and, hence, z2=−5.4 bohr, Vr�z� is found to closely re-
produce the surface-parallel average V0�z� of our first-
principles ground state potential in the near-surface region.
For comparison, we note that the truncated bulk surface �jel-
lium edge� is at z=−2.1 bohr. Farther outside, Vr�z� has the
physically correct image form instead of the exponential de-
cay, which our ground state potential has due to the locality
of the exchange-correlation approximation used in its calcu-
lation.

For the excited-state one-electron energies in LEED, the
above Vr�z� is modified by dynamical effects: first, there is
the already mentioned reduction of the real part of the inner
potential, which also affects Vr�z�, and second, the barrier
moves inward, which is classically plausible from the retar-
dation of the image charge. The best fit with our experimen-
tal asymmetry data was obtained for the image plane position
z1=−1.8 bohr �and hence, z2=−3.6 bohr� instead of the
ground state value z1=−2.7 bohr.

The imaginary part Vi�z� of the barrier is chosen as V0i for
z1�z�0, where V0i is the above-defined absorptive part of
the inner potential, and as exp�−a�z−z1�2� for z�z1, with a
=0.07 found suitable for attaining agreement with our
SPLEED asymmetry data.

The above smooth surface potential barrier model first
refracts beams, which are incident from the vacuum and
from the bulk crystal side, and second, reflects these beams,
with characteristic amplitude reflection coefficients. These
reflections, leading, in particular, to multiple scattering be-
tween surface barrier and bulk, are responsible for drastic
surface barrier effects in LEED. To identify surface barrier
effects in observed LEED spectra, it is, therefore, useful to
consider, in addition to the realistic surface barrier model, a
very simple model: a hypothetical step barrier �a potential
jump from zero to the constant real inner potential, located at
the edge of the truncated bulk� which still refracts incident
beams but which does not reflect them at all. In short, this
simple model is commonly referred to as a refracting but
nonreflecting step barrier.

IV. RESULTS AND DISCUSSION

We measured energy distribution curves for a set of pri-
mary energies from 8 to 21 eV with increments of 0.5 eV in
specular geometry with the incidence angle �= �25±2�°, i.e.,
�=�¬�, where � is the polar angle notation usual in the
definition of spherical harmonics and in LEED work. For
each primary energy, the elastically scattered electrons were
selected inside the white circle of Fig. 2, and the asymmetry
was calculated and normalized to our primary beam polar-
ization of 66±2%. The thus determined asymmetry is plotted
as a function of the primary electron energy E in Fig. 3�a�. It
shows a resonancelike energy dependence with a maximum
of 60±3% at E= �12.5±0.5� eV and a minimum of −33±3%
at E=14±0.5 eV.

To explore the surface sensitivity of the asymmetry spec-
trum, we adsorbed oxygen with an exposure of about 5 L at
1400 K. We observed, at 100 eV, a LEED pattern with clear

half-order spots suggestive of a p�2�2� structure. From de-
tailed studies of oxygen chemisorption on W�110� �cf., e.g.,
Refs. 32 and 33, and references therein�, on the one hand,
and from having an overall coverage of about 0.3.–0.4 ML,
on the other hand, we conclude, however, that we have is-
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FIG. 3. �Color online� SPLEED intensity asymmetry A�E� of the
�00� beam from W�110�. The scattering plane is the �PN plane; i.e.,
the surface projection of the wave vector k� is along the �001� direc-
tion. �a� Experiment for polar angle of incidence �=25±2° for the
clean surface �blue �gray� squares� and an oxygen-covered one �red
�gray� dots�. The experimental uncertainty of A is given by the
height of the squares. �The dotted lines connecting the squares and
the dots are to guide the eye.� �b� Theoretical A�E� for �=25° �solid
black line� and �=23° �dashed black line�: obtained for a smooth
surface barrier �as defined in Sec. III� with image plane position
z1=−1.8, from calculated spin-up and spin-down intensities which
have been convoluted with a Gaussian of 0.4 eV FWHM. The blue
�gray� squares represent the experimental A�E� shifted by 0.8 eV
toward lower energy. �The dotted line connecting the squares is to
guide the eye.� �c� Theoretical A�E� for �=25° for surface barrier
with z1=−1.8 �solid black line� and z1=−2.7 �dash-dotted blue
�gray� line�. �d� Theoretical A�E� for �=23° for surface barrier with
z1=−1.8 �dashed black line� and z1=−2.7 �dash-dotted blue �gray�
line�.

SAMARIN et al. PHYSICAL REVIEW B 76, 125402 �2007�

125402-4



lands of 2�1 domains with probable contribution of 2�2
domains. With this oxygen coverage on W�110�, we obtained
the second asymmetry curve shown in Fig. 3�a�. Compared
to the asymmetry for clean W�110�, it is smaller and has the
opposite sign at the energies of the main peak. The asymme-
try is, thus, seen to be very surface sensitive.

In Fig. 3�b�, we show theoretical A�E� spectra for clean
W�110� for angles �=25° and 23°, which were obtained
from calculated spin-up and spin-down intensities convo-
luted by a Gaussian of 0.4 eV full width at half maximum
�FWHM�. Bearing in mind the uncertainty of ±2° in our
absolute angular measurements and the angular spread of
about 1° of the primary beam, the calculated asymmetry is in
rather good agreement with our experimental data if the lat-
ter are shifted by 0.8 eV toward lower energy, which is
within the accuracy of the absolute energy calibration in the
experiment.

The corresponding original �not convoluted� theoretical
A�E� for �=25° is shown as the solid curve in Fig. 3�c�. It
was obtained using the smooth surface barrier model de-
scribed in Sec. III, with the image plane position parameter
z1=−1.8. While the main peak at 11.8 eV is just somewhat
higher than in Fig. 3�b�, a series of very sharp resonances
appears at around 13 eV. Noting that at 13.04 eV there is the
threshold of emergence of two nonspecular beams into the
vacuum region, these features are identified as the asymme-
try correlates of the well-known surface resonances in spin-
dependent LEED intensity spectra �Refs. 14–16, and refer-
ences therein�. To demonstrate the sensitivity of A�E� to the
key parameter z1 of our smooth surface barrier model with
image asymptotics, we show in Fig. 3�c� also A�E� calculated
for z1=−2.7, i.e., the value obtained as an initial choice by
fitting our first-principles ground state potential in the near-
surface region. Compared to A�E� for z1=−1.8, the reso-
nances get nonlinearly spread out, with the main peak dis-
placed by about 0.7 eV toward lower energy. Hence, its
convoluted counterpart moves by about 0.7 eV further away
from the experimental peak �cf. Fig. 3�b��. This indicates that
the barrier with the image plane position parameter z1
=−1.8 is clearly favorable. The preference for the position
z1=−1.8 over z1=−2.7 is plausible, since retardation in the
formation of the image charge moves the barrier closer to the
topmost atomic layer with increasing energy.

Analogous surface resonances are obtained for �=23°, for
which the beam emergence threshold energy is 13.48 eV
�Fig. 3�d��.

Now we explore in more detail the physical origin of the
asymmetry spectra shown in Fig. 3. As is well known �cf.,
e.g., Ref. 1, and references therein�, spin polarization and
asymmetry in LEED from nonmagnetic solids are a conse-
quence of spin-orbit coupling �SOC�. Further, LEED inten-
sity spectra are known to be closely linked to the bulk band
structure in the corresponding energy range �cf., e.g., Refs.
34 and 35, and references therein�. We have, therefore, in-
vestigated the links between SOC-induced features of the
bulk band structure and our above SPLEED asymmetry
spectra. The results are demonstrated by means of Fig. 4.

In Fig. 4�a�, we show E�kz ;k sin ��, with k= �2E�1/2 and
�=25°, calculated scalar relativistically, i.e., without SOC,

for the real bulk muffin-tin potential. Since the scattering
plane is a mirror plane of the crystal, the bulk eigenstates
belonging to these bands are either even �labeled by “g”� or
odd �labeled by “u”� with respect to reflection at this plane.
SOC hybridizes even and odd states and produces gaps in the
band structure �“avoided crossings”� �see Fig. 4�b��, which
we marked with red �gray� circles.

If the imaginary part of the potential is taken into account,
kz becomes complex. Instead of showing E�Im kz� explicitly,
we incorporate some essential information on it in a plot of
E�Re kz� �see Fig. 4�c�� by the following color �gray scale�
coding: black if Im kz�0.2 and green �gray� if Im kz�0.2.
The weakly damped black parts are seen �in Fig. 4�c�� to
correspond quite closely to the real-potential bands �in Fig.
4�b�� except for changes near the critical points, which be-
come inflection points of the complex-potential band struc-
ture.

Proceeding to LEED intensity and asymmetry spectra, we
first consider the spectra obtained from a truncated bulk crys-
tal �without surface relaxation� with a refracting but nonre-
flecting step barrier �cf. Sec. III�, since these are more
closely linked to the bulk band structure than the spectra for
a reflecting barrier like the realistic smooth one described in
Sec. III. The relation between LEED intensity spectra for a
nonreflecting step barrier and the band structure �of symme-
try character such that coupling to plane waves on the
vacuum side is possible� is briefly such that peaks are asso-
ciated with a low density of states �DOS�, especially with
band gaps, and minima with a high DOS. Details and further
references may be found in Refs. 34 and 35. In the present
case of off-normal incidence in a mirror plane, the relevant
Bloch wave parts are those of even character. The spin-up
and spin-down intensity spectra I+�E� and I−�E� in Fig. 4�d�,
which were obtained for the nonreflecting step barrier, basi-
cally obey the relationship described above while differing in
detail from each other due to SOC. Of particular interest is
the almost-zero minimum of I+�E� at 11.35 eV, since it is
associated with a large negative asymmetry feature �cf. Fig.
4�e��. At this energy there is not only a high density of states
due to the even band ending at 11.3 eV �in the real-potential
band structure�, which by itself would entail no reflection,
but also a lower density of states in the even-odd hybridiza-
tion region �marked in Figs. 4�b� and 4�c� by the circle
around �E ,Re kz�= �10.7,0.6��, which apparently produces a
small spin-dependent reflection.

Still using the nonreflecting step barrier, but replacing the
truncated bulk model by the more realistic W�110� model
with a 3% inward relaxation and layer-dependent ion-core
potentials �cf. Sec. III�, one obtains almost the same intensity
and asymmetry curves as the ones shown in Figs. 4�d� and
4�e�, but shifted by about 0.8 eV toward higher energy.

If, however, we employ—instead of the nonreflecting step
barrier—the realistic reflecting smooth barrier with image
asymptotics �cf. Sec. III� �with the image plane parameter
z1=−1.8 determined by comparison with our experimental
data�, we obtain spectra �Figs. 4�f� and 4�g�� which are dras-
tically different at energies below the emergence threshold of
two nonspecular beams at 13.04 eV. The spin-dependent in-
tensities exhibit surface resonances, which translate them-
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selves into resonances in the asymmetry A�E� �which is iden-
tical to the solid A�E� curve shown in Fig. 3�c��. Most
notably, we retrieve the experimentally observed big positive
asymmetry feature instead of the big negative feature, which
was obtained for the nonreflecting step barrier. The physical
origin of the positive asymmetry feature is, thus, elucidated.
Its very existence is due to spin-orbit hybridization between
even and odd bulk quasiparticle states, but its sign and pre-
cise energy are determined by multiple scattering between
the topmost atomic layer and the surface potential barrier.

Attempts aiming at a quantitative explanation of the A�E�
spectrum measured for our oxygen-covered W�110� surface
�cf. Fig. 3�a�� seem not warranted for the following reasons.
They would require first-principles calculations of electronic
and geometric surface structures, which are very demanding,
as well as an extension of our present SPLEED computer
code to handle the more complicated potential in the surface
region. �Approaches to LEED from metal surfaces with
chemisorbed oxygen may, e.g., be found in Ref. 36, and ref-
erences therein.� Moreover, our experimental A�E� involves
contributions from domains of different structures with
poorly known relative weights.

For a fixed primary energy of 13 eV, we measured the
angular dependence of the �00� beam asymmetry in the an-
gular range �=�¬�=20° –30°. This angular range was
scanned by rotating the sample and selecting the specular
diffraction spot on the detector. This range is limited by the
size of the detector: within this angular range, the specular
beam is still visible on the detector. The result of the mea-
surements is presented in Fig. 5�a�. It shows a maximum at
�=25° and goes to zero at �=21°. As was mentioned above,
there is an uncertainty of ±2° in the absolute angular mea-
surements that is related to the determination of the inci-
dence angle �=0. On the other hand, the relative angular
measurements that are shown in Fig. 5�a� are more precise
�±0.5° �.

Theoretical A��� and I��� results, which we calculated at
energies 11.8, 12.0, and 12.2 eV using the smooth surface
barrier with the image plane located at z1=−1.8, which we
found suitable for reproducing our experimental A�E� data
�cf. Fig. 3�, are presented in Figs. 5�c� and 5�d�. The angular
dependence is, like the energy dependence, characterized by
surface resonances, which now occur below the emergence
threshold angles for the respective energies.

To make contact with our experimental data, we calcu-
lated a “broadened asymmetry” Ab��� in the following way.
Denoting by I	�E ;��, with 	=±, spin-dependent intensities
calculated as functions of E and �, we formed the broadened
intensities

Ib
	��� =� dE�d��G�E�,E = 12 eV�G���,��I	�E�;��� ,

where G�E� ,E=12 eV� is a Gaussian of FWHM 0.4 eV and
G��� ,�� is a Gaussian of angular FWHM 1° accounting for
the experimental relative angular uncertainty. The resulting
broadened asymmetry Ab���= �Ib

+���− Ib
−���� / �Ib

+���+ Ib
−���� is

shown in Fig. 5�b�. Except for the single experimental data
point at �=23°, it is seen to compare fairly well with the
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FIG. 4. �Color online� Band structure and SPLEED from
W�110� for polar angle �=25°. �a� Scalar relativistic �without SOC�
band structure E�kz� for real potential. aL denotes the lattice con-
stant of W. The labels g �u� refer to the even �odd� symmetry of the
states with respect to reflection at the scattering plane. �b� Fully
relativistic �with SOC� band structure E�kz� for real potential. The
labels g �u� indicate the symmetry of the predominant part in the
spin-orbit-hybridized states. Regions of strong hybridization are in-
dicated by red �gray� circles. �c� Fully relativistic �with SOC� band
structure E�Re kz� for complex �quasiparticle� potential with imagi-
nary part −0.5 eV. Parts of the bands for which Im kz�0.2 �Im kz

�0.2� are represented by black �green �gray�� lines. �d� Spin-
dependent intensities I+ �solid black curve� and I− �dashed red
�gray� curve� of the 00 beam �relative to the primary beam intensity
I0� obtained for the truncated bulk structure �without surface relax-
ation� with the refracting but nonreflecting step barrier model �cf.
Sec. III�. �e� Asymmetry of the intensities shown in �d�. �f� Same as
�d� but calculated for the contracted topmost interlayer spacing �cf.
Sec. III�, layer-dependent ion-core potentials and the smooth sur-
face barrier model �cf. Sec. III� with image plane parameter z1

=−1.8. �g� Asymmetry of the intensities shown in �f�.
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experimental A��� shifted to the left by 0.8°, which is well
within the uncertainty in our absolute angle measurement.

V. CONCLUSION

Using a time-of-flight technique and a position-sensitive
detector, we have measured—as a function of energy and
incidence angle—the intensity asymmetry of electrons elas-
tically reflected from the W�110� surface for spin-polarized
primary electrons with energy from 8 to 21 eV. In particular,
we observed an asymmetry versus energy spectrum, which is
dominated by a large feature of about +60% slightly below
the emergence threshold for nonspecular beams. The surface
sensitivity of this asymmetry peak is proven by submono-
layer oxygen adsorption, upon which it reverses its sign.

In order to understand our experimental data, we calcu-
lated spin-dependent LEED intensity spectra and the corre-
sponding asymmetry spectra by means of a relativistic mul-
tiple scattering formalism. The choice of the potential input
for these calculations, in particular, the surface potential bar-
rier, was guided by a self-consistently calculated ground state
electronic structure and augmented to incorporate quasiparti-
cle effects. Using a smooth surface barrier, the image plane
of which is about 1 bohr closer to the topmost atomic layer
than that of the ground-state-derived barrier, we obtained
rather good agreement with our experimental asymmetry
curves.

In particular, we reproduced the observed asymmetry
peak of about +60% below a nonspecular beam emergence
threshold. By comparing with calculated band structures
without and with SOC, this feature can be associated with a
region of strong SOC between bulk quasiparticle states of
even and odd mirror symmetries. Auxiliary LEED calcula-
tions with a refracting but nonreflecting step barrier, which
are directly related to the bulk band structure, produced,
however, a large negative asymmetry, in contrast to the cal-
culations with the smooth reflecting barrier model. The ob-
served dominant asymmetry feature is thereby clearly iden-
tified as a surface resonance, which is, as some further
calculations corroborated, very sensitive to details of the sur-
face potential barrier. In contrast, the spin-dependent inten-
sity and asymmetry spectra above the beam emergence
threshold are almost the same for the various surface barri-
ers.

SPLEED surface resonances like the one reported in this
work should manifest themselves in spin-polarized second-
ary emission spectra and be of use in the interpretation of the
latter because of the close connection between LEED and
secondary electron emission �cf. Refs. 18 and 19, and refer-
ences therein�. In fact, the asymmetry of the energy distribu-
tion curve of secondary electrons from W�110� excited by
25.5 eV spin-polarized electrons at 12° off-normal incidence
exhibits a broad maximum in the energy range of
12–14 eV.20 A similar result has been observed for normal
electron incidence on W�110� with primary energies from
22 to 26 eV and scattering plane parallel to the �PN plane
of the Brillouin zone,37 where a maximum of the asymmetry
in the secondary electron distributions shows up around
13 eV.

The occurrence of strong resonancelike spin asymmetries
in SPLEED, like the one reported in this work, also has
implications for designing or interpreting spin-resolved pho-
toemission and �e ,2e� experiments, in which the final state
consists of one or two time-reversed LEED states. If one is
interested in initial state properties or in electron-electron
scattering dynamics, one should avoid conditions giving rise
to surface resonances, since they are likely to obscure the
quantities one intends to study.

Finally, we would like to mention a potential relevance of
our results for spintronics. Since a strong spin dependence of
the reflectivity of low-energy electrons implies spin-selective
transmission into the crystal, knowledge of the experimental
conditions when it occurs may be useful for designing de-
vices with spin injection by means of unpolarized electrons.
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FIG. 5. �Color online� SPLEED spectra of the �00� beam from
W�110� as functions of the polar angle of incidence �. �a� Experi-
mental asymmetry A��� for energy E=13 eV. The experimental un-
certainty of A is given by the height of the squares. �b� Theoretical
asymmetry Ab��� obtained by Gaussian convolutions as described
in the text. The blue �gray� squares represent the experimental A���
shifted by 0.8° toward smaller angles. �c� Theoretical asymmetry
spectra A��� for energies 11.8 eV �dashed red �gray� line�, 12.0 eV
�solid black line�, and 12.2 eV �dotted blue �gray� line�. �d� Same
�c�, but spin-averaged intensity spectra I���.
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