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Elastic versus inelastic spin-polarized electron scattering from a ferromagnetic surface
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Spin-polarized electron energy loss spectroscopy was applied to study the intensity asymmetry upon the reversal
of the incident spin polarization of elastically and inelastically scattered polarized electrons from an epitaxial
ferromagnetic Fe layer on W(110). The polarization of the incident beam was always collinear with the magnetic
moment (magnetization) of the sample, and the asymmetries were measured for two opposite magnetizations of
the sample. They allowed extracting the exchange and the spin-orbit components from the measured asymmetry.
A strong asymmetry of Stoner excitations in an Fe film on W(110) is observed, as expected, at about 3 eV
energy loss. The value of the asymmetry declines but is still observable when the surface is contaminated. The
asymmetry of elastic scattering for normal incidence and a 50° detection angle is close to zero in contrast to
the Stoner excitation asymmetry (inelastic scattering). However, the asymmetry of elastic scattering increases
substantially at two specular geometries with 25° and 72° angles of incidence, compared to the normal incidence,
and may be even larger than the asymmetry of Stoner excitations. The sign of elastic scattering asymmetry
changes upon the reversal of the sample magnetization, indicating the magnetic origin of this asymmetry, i.e.,
spin-dependent electron-electron scattering with electron exchange. The calculation of the asymmetry of elastic
spin-polarized electron scattering from a spin-dependent surface potential barrier shows a qualitative agreement

with the measurements.
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I. INTRODUCTION

Spin-polarized electron energy loss spectroscopy
(SPEELS) of ferromagnetic surfaces has a long and successful
record as a method for investigating surface magnetism. The
individual electron-hole excitations (Stoner excitations) [1-9]
as well as collective (magnon) spin excitations [10-12] were
studied using SPEELS. Fundamental aspects of the spin-orbit
interaction (SOI) and the electron exchange can also be
extracted from SPEELS [13,14]. SOI, on the other hand, is at
the heart of currently discussed topics such as the quantum spin
Hall effect [15—18], topological insulators (TT), graphene [19-
21], and “spintronics” [22] in general. As a surface-sensitive
probe, SPEELS can deliver important details of the spin-
dependent scattering at interfaces and in layered structures.

The aim of the present work is a comparative analysis of
the spin dependence of elastic and inelastic scattering of spin-
polarized electrons from a ferromagnetic surface. A particular
question is to what extent and under which conditions electron
exchange effects (and exchange asymmetry) are present in
elastic and inelastic scattering in the case of specular geometry,
where the dipole scattering mechanism is expected to be
dominant. The result of such an investigation is important to
identifying the optimum geometric arrangement of SPEELS
for a specific task, as well as for the adequate interpretation of
SPEELS.

There are two spin-dependent effects that determine spin-
related properties of surfaces and mediate electron scattering
from surfaces: (i) electron exchange and (ii) spin-orbit inter-
action [23]. The first effect (exchange) is the consequence
of the fermionic nature of electrons (spin-1/2 particles), and
the Pauli exclusion principle. The second one results from
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the interaction of an electron spin with its orbital motion
(momentum).

A well-known manifestation of the exchange effect is
the Stoner excitation, involving electron-hole excitation with
opposite spins for an electron and a hole, as observed in
SPEELS of ferromagnetic samples [14].

The spin-orbit interaction shows up when spin-polarized
electrons are scattered from the surface of high-Z materials
such as tungsten, for example. In this case the scattering
probabilities for the same spin are different for electrons
scattered to the left and to the right. This leads to a left-right
asymmetry of scattering of electrons upon reversal of the
incident beam polarization. The same mechanism leads to the
polarization of a scattered electron beam if it was unpolarized
before scattering. The degree of polarization is defined as
P ={1t-I7)/I" + I7),where I and I~ are the intensities
of scattered electrons with spin projection parallel (/1) or
antiparallel (/~) to the quantization axis. If the incident
beam is spin-polarized (for simplicity, with 100% degree of
polarization), then an intensity asymmetry of scattering is
observed when we flip the polarization of the incident beam.
This asymmetry we define as A = (J'P—]9O%") /([P 4 Jdowm),
where I'P is the scattering probability (reflectivity) of incident
electrons with spin-up and 79°"" is the scattering probability of
incident electrons with spin-down. It turns out that P = A in
magnitude [23]. In other words, the surface, which can polarize
an electron beam via scattering, can also work as a spin-
dependent electron reflector i.e. as a spin detector (or as a spin-
filter). Both of these effects can be described by spin-dependent
reflection coefficients R*P and RY™", where the superscripts
“up” and “down” refer to the polarization of the incident
beam with spin orientation “up” or “down” respectively. If the
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incident beam intensity is /y and the beam is partially polarized
with polarization Py, then the intensity can be decomposed
into spin-up and spin-down intensities: Io"? = (1 + Py)ly/2,
and 1p%"" = (1-Py)Iy/2. The scattered intensities are given by
I'P = R" . [)"P, and J9°%" = RIoWn . [,doWn The asymmetry
of scattering is then equal to A = (R"—RI%") /(R 4 Rdowm),
which represents the intensity change upon the reversal of the
incident beam polarization [24].

For a ferromagnetic surface, the reflection coefficients also
depend on the direction of magnetization of the sample due
to exchange. It means that there are now four spin-dependent
reflection coefficients corresponding to four possible mutual
orientations of the incident beam polarization and the sample
magnetization: RTT, R~ R~ ,R™~, where the superscript
“+” corresponds to “up”, and “=” corresponds to the “down”
orientation of the polarization vector of the incident electron
beam or/and the majority spins in the ferromagnetic sample. If
all four reflection coefficients are measured, then the exchange
contribution to the asymmetry, spin-orbit contribution, and
interference between exchange and spin-orbit contributions
can be calculated as shown in [25].

II. EXPERIMENT

The experimental setup used in this work includes a spin-
polarized electron source and a scattering chamber with a time-
of-flight (TOF) electron energy analyzer [26] and facilities for
sample preparation and characterization. The spin-polarized
electron source and scattering chamber are separated by a
vacuum valve allowing the two chambers to be evacuated
and vented independently. The spin-polarized electron source
is based on photoemission from a strained GaAs crystal
(superlattice) activated by Cs deposition and oxygen adsorp-
tion [27]. Laser light with a wavelength of 835 nm passes
through a linear polarizer and a liquid crystal retarder, which
convert it to circularly polarized light. Photoelectrons excited
from the activated GaAs crystal are longitudinally polarized.
After passing through a 90° electrostatic spherical deflector,
the electron beam becomes transversally polarized with the
polarization vector “up” or “down,” depending on the helicity
of the laser light. The sign of the polarization of the electron
beam can be changed by changing the helicity of the laser
light, which is controlled by the liquid crystal retarder.
To avoid artefacts in spin-dependent electron spectroscopy
related to the changes of the sample surface conditions during
the measurement (for example, surface contamination), the
polarization of the incident beam was altered every 5 s
and the data corresponding to each of the polarizations was
stored in two files: spin-up and spin-down spectra. The TOF
electron energy analysis is described in detail elsewhere [26].
The three geometric arrangements used in this work are
depicted in Fig. 1. These geometries are chosen so as to allow
comparing the spectra measured at normal incidence and at
specular geometry. In addition, two specular geometries were
chosen with very different angles of incidence. The particular
angles (50° and 144°) are dictated by constraint due to the
experimental vacuum chamber and the flanges available for
detectors.

The iron films were deposited on the W(110) surface using
an OMICRON:-type evaporator (EFM-3). The substrate [tung-
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FIG. 1. Three geometrical arrangements used in this work.

sten crystal (110) face] was cleaned prior to the film deposition
using routine cleaning procedures, including oxygen treatment
and high-temperature flashes [28,29]. The thickness of the film
was estimated using a quartz microbalance and Auger electron
spectroscopy. An integrated low-energy electron diffraction
(LEED)-Auger system (SPECS) was used to control the
cleanliness and crystal structure of the substrate and deposited
films. The base pressure in the experimental chamber was
in the 10~!! Torr range. The W(110) crystal substrate was
mounted on a twofold rotatable manipulator that allowed a
sample rotation around both the vertical (polar angle 6) and
horizontal (azimuthal angle ¢) axes. The [110] direction along
the surface of the tungsten crystal was identified and the
azimuthal position of the sample corresponds to ¢ = 0 when
this crystallographic axis runs along the vertical rotational axis
and perpendicular to the scattering plane. Magnetic anisotropy
of the iron film on W(110) drives the magnetization of the film
(in the thickness range below 100 /ok) along the [110] direction
of the substrate parallel to the film surface.

III. EXPERIMENTAL RESULTS

The three geometrical arrangements shown in Fig. 1 were
used to measure SPEELS of a thin ferromagnetic layer (Fe)
on W(110) with low-energy spin-polarized incident electrons.
All spectra were measured for four mutual orientations of the
polarization vector of the incident electron beam and magnetic
moment of the ferromagnetic film. The magnetic moment of
the sample was oriented first downwards (the majority spins of
the sample point upwards in this case), and then the magnetic
moment was flipped down. Both vectors, the polarization
vector of the beam and the magnetization direction of the
sample, are perpendicular to the scattering plane and were
chosen to be parallel or antiparallel to each other. For each
orientation of the sample magnetic moment (M1 and M2), the
energy distributions of the scattered electrons were measured
for the spin-up (/*P) and the spin-down (79°*") polarizations
of the incident beam, and the corresponding asymmetries were
calculated as Ayy = (JUPMI_ydownMly /(yupMIl 1 pdownMly apq
AMZ — (IupM2_IdownM2)/(IupM2 + IdownMZ). Then, to leading
terms (neglecting interference between exchange and spin-
orbit scattering amplitudes), the spin-orbit and exchange
contributions to the measured asymmetry are [14]

Aex = Vh(AM1—Amn),
Aso = 1h(Am1 + Amp).
Figure 2(a) shows asymmetries of SPEELS measured for
two opposite magnetizations of the sample M1 and M2, and
for two different geometrical arrangements: (i) at normal

incidence and detection at 50°, and (ii) specular geometry
with an incidence angle (and detection angle) of 25°. For the
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FIG. 2. (a) Asymmetry of SPEELS for two geometries and two
magnetizations of the sample, (b) exchange component of asymmetry,
and (c) spin-orbit component of asymmetry.

magnetization M1, asymmetry minima at about 3.5 eV and
7 eV energy losses correspond to the Stoner excitations, where
an electron-hole pair with opposite spin characters is excited
[14].

The asymmetry changes sign when the magnetization of
the sample is reversed, confirming the magnetic origin of the
asymmetry. For both of the above-mentioned geometries,
the magnitude of this asymmetry is the same with the
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energy position being slightly changed. However, the most
striking result is that for the normal incidence the amplitude
of the elastic maximum in the spectrum is the same for
both polarizations of the incident beam, i.e., the intensity
asymmetry is equal to zero, whereas for the specular geometry
the asymmetry of elastic scattering is quite large and reaches
9% (for M1).

For the specular geometry both the elastic and inelastic
intensity asymmetries almost perfectly flip around the x axis
when the magnetization of the sample reverses, indicating
that the dominant contribution is the exchange effect in the
measured asymmetry. For this geometry the exchange and
the spin-orbit components of the asymmetry were determined
following [14] and are shown in Figs. 2(b) and 2(c), re-
spectively. In the exchange component [Fig. 2(b)] the Stoner
excitation asymmetry is clearly visible at about 3 eV and
7 eV, and the asymmetry of elastic scattering at zero energy
loss is -8%. It is somewhat surprising that the asymmetry of
elastic scattering has a dominant contribution from exchange
asymmetry (8%) and almost no spin-orbit contribution. The
spin-orbit component of asymmetry [Fig. 2(c)] is zero at all
energies except 2-eV energy loss, where it reaches value of
—1.5%. The origin of this feature is not explained so far.

When SPEELS spectra were measured on the Fe film,
which was exposed to the residual gas in the vacuum chamber
(mostly CO and H,) with the pressure in the 10~!! Torr range
for 4 weeks, the asymmetries in the spectra change (Fig. 3).
Figure 3(a) shows asymmetry of SPEELS measured on the
contaminated 5-monolayer (ML) Fe film at two geometries
and two magnetizations of the film. The magnitude of the
asymmetries declines as compared to the clean Fe film, and
the energy position of the Stoner excitation asymmetry is
moved to about 2 eV for specular geometry, whereas for
the normal incidence it is still at 3.5 eV. The exchange and
the spin-orbit components of the asymmetry are shown in
Figs. 3(b) and 3(c), respectively. The exchange component is
just reduced in magnitude, whereas the spin-orbit component
changed substantially: the feature in the asymmetry spectrum
at 2-eV energy loss disappeared, but in the elastic scattering
the spin-orbit component appeared.

Much larger changes in the asymmetry of SPEELS occur
when the incidence angle in the specular geometry increases up
to 72°. Figure 4 shows intensity asymmetry spectra measured
on a 5-ML Fe film on W(110) at two specular geometries: with
25° and 72° angles of incidence. One can see that not only does
the shape and magnitude of the asymmetry change but that
the sign also changes. For the specular geometry with a 25°
angle of incidence, there is a clear structure in the asymmetry
spectrum of energy losses from 2 eV down to 8 eV, which is
related to Stoner excitations.

The magnitude of the asymmetry reaches a value of 5%.
In contrast, for the specular geometry with the 72° incident
angle, the dominant feature in the asymmetry spectrum is the
elastic maximum, with the asymmetry value reaching 17% (for
magnetization M1) and no structure in the region of energy
losses. The exchange and the spin-orbit contributions to the
measured asymmetry (for the 72° angle of incidence) are pre-
sented in Fig. 5. It is seen that the exchange component of the
asymmetry of the elastic scattering reaches up to 15%, whereas
the maximum of the spin-orbit component of asymmetry of
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FIG. 3. The same as in Fig. 2, but for the contaminated surface
of Fe film.

elastic scattering is only 4%. For a specular geometry, when the
angle of incidence becomes larger, the exchange asymmetry of
elastic scattering in SPEELS increases. To obtain some insight
into this tendency, the asymmetry of SPEELS was measured
on an ultrathin (2-ML) layer of Fe at specular geometry and
72° angle of incidence. The asymmetry spectrum is compared
with the spectrum of the substrate. These results are presented
in Fig. 6. In the SPEELS spectra [Figs. 6(a) and 6(b)], one can
immediately see that the deposition of 2 ML of Fe changes the
intensities of the elastic maxima for spin-up and spin-down
primary electrons, i.e., it leads to the intensity asymmetry
of elastic scattering. Indeed, on Fig. 6(c) the asymmetry of
elastic scattering from the surface with 2 ML of Fe is about
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8%, whereas for the clean W(110) substrate this asymmetry
is close to zero. At the same time, the asymmetry structure in
the energy-loss region of the spectrum between 10 and 16 eV
is clearly observable in the spectrum of the W substrate, as
well as in the spectrum of the ultrathin iron layer on W(110).
This observation indicates that the origin of the asymmetry
in the inelastic part of the spectrum is the spin-dependent
electron scattering from the W(110) surface or from the Fe/W
interface. It also shows that the incident electrons penetrate
through the Fe layer and undergo scattering from the W
surface (more precisely, from Fe/W interface). The deposition
of a very thin layer of Fe (2 ML) changes the asymmetry in
elastic scattering dramatically. It is instructive to compare this
asymmetry spectrum with the spectrum of a thicker Fe film, for
the same geometry and primary electron energy (see Fig. 5).
At a film thickness of 5 ML there is no contribution from the
substrate. The main outcomes of these results are:

(i) For a specular geometry with both 25° and 72° angles of
incidence, the intensity asymmetry of elastic scattering of spin-
polarized electrons increases compared to normal incidence,
and

(i) The asymmetry in Stoner excitations depends on the
scattering geometry, and does not disappear at the specular
geometry, in general, but becomes invisible for particular ge-
ometries and primary electron energies (for example, at spec-
ular geometry, 72° of incidence and 20 eV primary energy).
Since the dependence of the Stoner excitation asymmetry on
the kinematics of scattering was discussed earlier [30], we
will focus mostly on the asymmetry of elastic scattering of
spin-polarized electrons from the ferromagnetic surface.

IV. DISCUSSION

The reasons for the dependence of elastic scattering from
a ferromagnetic surface on the spin orientation of the incident
electron beam have been thoroughly analyzed in [31], with the
following conclusions:

(i) Spin-orbit interaction, which is weak for low-Z ferro-
magnetic materials (like Fe, for example) and can be excluded
by the choice of the scattering geometry: if the polarization
vector of the incident beam is in the scattering plane the
spin-orbit contribution to the intensity asymmetry is zero;

(i) Dipole-dipole interaction between the incident elec-
tron and the magnetic ground-state electrons of the target,
which depends on the mutual orientation of the incident
electron spin and the magnetic moment of the target; the
dipole-dipole term is very small for E < mc? and can be
neglected for low (below 100 eV) primary electron energies;

(iii) Since the spin-orbit interaction is neglected for low-Z
metals (Fe), the exchange interaction becomes the main
driving force of spin dependence in elastic scattering and the
scattering of polarized electrons from Fe can be described by
the Pauli equation. The effective magnetic field in the Pauli
equation can be expressed as Beg = AV X m, where m is
the unit vector in the direction of the majority spin axis and
AV is the spin-dependent deviation from the averaged ex-
change potential: Vey : Ve 'V = Vg £ AV.,, where the arrows
indicate the potential for spin-up and spin-down electrons. The
main problem is to choose a realistic spin-dependent effective
potential V. '¥. As is usual in LEED theory, it should contain
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FIG. 4. Intensity asymmetry of SPEELS at specular geometry with 72° (left) and 25° (right) of incidence.

real and imaginary parts, both of which are spin dependent.
The real part is spin-dependent due to the exchange interaction
of the incident electron with majority and minority electrons of
the sample (it is energy dependent). The imaginary part of the
potential, which is responsible for the absorption and energy
losses, receives its spin dependence from the spin-dependent
energy-loss channels. These channels may include in general:
phonon excitation, magnon excitation, single-electron excita-
tions (interband transitions), and plasmon excitation. It was
shown (Ref. [31] and references therein) that the contributions
from electron-hole excitation (V) and plasmon excitation
(V}) are an order of magnitude larger than the contributions to
the imaginary part of the scattering potential from magnon and
phonon excitations. However, the plasmon excitation should
be at most very weakly spin dependent because it involves
simultaneously majority and minority electrons of the valence
band. As for electron-hole excitation, the heuristic model of
spin-dependent potentials V;,™¥ involves two suppositions:

(a) Isotropic electron-electron scattering at low ener-
gies (a few electronvolts). Consequently, the scattering
amplitude for two electrons with parallel spins (triplet
scattering), f(6) - f(r - ), vanishes, i.e., scattering takes
place only between electrons with opposite spin orientation
(singlet-scattering-only hypothesis). However, the ratios
between scattering probabilities for incident electrons with
spin-up and spin-down are not determined.

(b) The second hypothesis suggests that the ratio
Ven!/Ven* should be given by the ratio of the respective
scattering partners: Ven'/ Vet = n¥/n’, where nt(n') is
the number of the spin-down (spin-up) electrons of the
valence band (per atom). Then the total imaginary potential
is Vihh = VIV 4 v,

(iv) The spin-dependent surface potential barrier plays
an important role in elastic scattering of low-energy spin-
polarized electrons from surfaces; it is a necessary ingredient
for the observation of a fine structure in very low-energy
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electron diffraction (VLEED) experiments [32,33]. The gen-
eral shape of the surface barrier can be derived from two
basic assumptions [34]. First, the electric charge located at
a distance Z from the metal surface at Z;, which is also
referred to as the “mirror image plane,” generates an “image
charge” inside the metal mirror symmetric to the incident
charge. Therefore the electrical potential experienced by the
charge has a Coulomb-like shape: V(z) = 1/[2(z—z¢)] for
7z < zo (atomic units are used) [Fig. 7(a)]. This shape of
the potential is proven to be acceptable far outside of the
solid, i.e., for Z « Zy. The second assumption is, inside
a free-electron metal, a constant “inner” potential Vipner is
assumed. The transition between these two regions can be
described by various models and approximations and was

V(Z)
vacuum | solid (@)
,,,,,,,,,,,,,,,,,,,,,,,,,,, a
Spin-up —
Vinner
Spin-down
Z, z
z (b)

CRYSTAL

|5

FIG. 7. Spin-dependent surface potential barrier (SPB) (a), and
combined electron scattering from the surface barrier and the crystal
surface (b).

discussed in detail in [35-37]. Qualitatively, the shape of the
surface potential barrier depends on the rearrangement of the
valence electrons near the Fermi level caused by the incident
electrons. Since the density of states in a ferromagnetic sample
is different for spin-up and spin-down electrons, incident
electrons with different spin orientation interact differently
with the electronic system of the sample due to electron
exchange. This may lead to the spin dependence in the surface
potential barrier. In fact, such a dependence was predicted
theoretically [38,39] and observed experimentally using the
inverse photoemission technique [40,41]. The presence of
the surface potential barrier makes electron scattering from
surfaces more complicated and requires the consideration of
the scattering of incident electrons, not only by the crystal
itself, but also by the surface barrier. In brief, scattering from
a crystal surface involves diffraction because of the periodic
arrangement of atoms along the surface: an incident electron
wave with the wave vector kg is scattered by surface atoms
and then scattered waves interfere, giving rise to diffracted
beams with wave vectors k,. The components of wave
vectors parallel to the surface are determined by the Laue
diffraction condition: koj—k, = ng, where g is a reciprocal
lattice vector of the two-dimensional surface lattice and # is
an integer. In contrast to the scattering by crystal, scattering
by the surface potential barrier (which can be considered as
a one-dimensional potential) does not involve diffraction and
k|| never changes. Scattering of an incoming plane wave by
such a barrier (one-dimensional potential) is usually described
by four complex scattering coefficients: 7T~ T+,
where superscripts indicate electron motion relative to the
Z-axis direction. The coefficients r*~ and r~+ transform
the amplitudes of incident waves into amplitudes of reflected
waves, and 7+ and ¢t~ transform incident wave amplitudes
into transmitted wave amplitudes. These coefficients depend
on the model of the barrier (shape of the barrier) and can only
be calculated numerically. A detailed description of how this
can be done for various barrier models is given in [42].

It was demonstrated theoretically that the intensities of
electron reflection from a realistic barrier alone do not
show oscillatory behavior, as long as the crystal reflection
is neglected. On the other hand, LEED calculations that
disregard scattering from the surface barrier show no fine
structure [43]. This means that the fine structure in VLEED is
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FIG. 8. Schematic representation of a surface with surface po-
tential barrier (SPB), ultrathin layer (Fe) deposited on a substrate
(W).

caused by the interference between the crystal and the surface
barrier scattering. There are few elastic scattering processes
that contribute to the specular backscattered amplitude: (i)
direct scattering from the barrier (dashed arrow 1 in Fig. 7);
(ii) transmission through the barrier and backscattering from
the crystal and then transmission through the barrier into the
vacuum (dashed arrow 2 in Fig. 7); (iii) electrons scattered
from the crystal can be scattered back from the surface
barrier, scattered a second time from the crystal; after that
it is transmitted through the surface barrier into the vacuum
(dashed arrow 3 in Fig. 7). This bouncing of the electron wave
between the crystal surface and the surface barrier may take
place many times before it escapes from the surface.

The reflection and the transmission of the electron beam at
the barrier and the crystal are determined by the coefficients:
rt=,r~T,t77,t7", R. The beams escaping from the surface
are summed up with corresponding phases and form a total
scattering amplitude. Depending on the phase shift they may
lead to constructive or destructive interference. In the case
of a spin-polarized incident beam, the surface potential barrier
described above depends on the spin orientation of the incident
beam relative to the magnetization of the sample surface [see
Fig. 7(b)]; the surface barriers for two spin orientations of the
incident beam are indicated by the solid and dashed lines in
Fig. 7. Now all transmission and reflection coefficients become
spin-dependent. Consequently, total scattering amplitudes for
spin-up and spin-down electrons can be different; hence the
intensity asymmetry can appear in spin-polarized electron
scattering due to the surface potential barrier (SPB).

The situation becomes more complicated when an ultrathin
ferromagnetic layer (for example, Fe) is deposited on a
substrate [W(110) in our case]. Then the surface can be
schematically represented as in Fig. 8. Now, there are three
interfaces where electrons are scattered. At each interface
electrons can scatter back or transmit into adjacent media.
In Fig. 8 three scattering paths are shown and denoted by (A),
(B), and (C). The first one (A) is the direct scattering from
the SPB. The second one, (B), results from the scattering at
the SPB and the surface of the ultrathin layer. The third one
(C) involves scattering (and transmission) at three surfaces

distance (a.u.)

FIG. 9. Spin-dependent SPB. x axis is directed along the normal
to the sample surface; the vertical axis represents the value of the
potential. On the positive segment of the x axis the potential assumes
aconstant value of —15 V inside the metal, the negative segment of the
X axis is in a vacuum, and the potential asymptotically tends to zero
(vacuum level) at infinity. The potential for the majority electrons
(spin-up) is shown as a solid line and for the minority electrons
(spin-down) a dashed line.

including the Fe/W interface. In the second and third paths the
electron wave can bounce between two surfaces several times
before coming out of the surface. All three beams, A, B, and
C, can then undergo constructive or destructive interference
depending on their relative phase difference, thus resulting
in an increase or decrease of the scattered electron intensity.
Given that the electron reflection and transmission at each
surface is spin-dependent (at the SPB the solid and dashed
lines indicate the barrier position for spin-up and spin-down
incident electrons), the resulting scattering intensities for
spin-up and spin-down incident electrons may be different.
Thus, an intensity asymmetry can be observed. It is important
to note that the intensity variation of elastic electron scattering
as a function of primary energy (known as a fine structure in
VLEED) results from the interference of scattering amplitudes.
The intensity asymmetry, on the other hand, results from the
spin dependence of elastic scattering of electron waves at
interfaces and the surface potential barrier.

To check the possible influence of a spin-dependent surface
potential barrier on the asymmetry of elastic spin-polarized
electron scattering from a ferromagnetic surface, we per-
formed calculations of the specular reflection coefficients for
spin-up and spin-down incident electrons using a realistic
shape of the SPB.

For a description of the potential barrier on the surface of
Fe (110) the parameterized dependence from [34] is used. The
shapes of the barrier for two spin orientations of the incident
electrons are shown in Fig. 9. The solid line represents the
barrier for the majority (spin-up) electrons and the dashed line
for the minority (spin-down) electrons.

The specular reflection coefficients for spin-up and spin-
down electrons from the surface potential barrier were cal-
culated using the approach of [44]. The underlying physics
of these calculations is described in [37]. It was shown there
that at energies less than 30—40 eV it is important to take
into account not only the refraction of the electron trajectories
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FIG. 10. Dependence of the specular reflection coefficients on the
normal component of the electron kinetic energy Epoma for spin-up
(solid line) and spin-down (dashed line) electrons from the potential
barrier of Fig. 9.

at the potential barrier, but also the reflection of electrons
from the barrier. It was pointed out that the electron reflection
from the potential barrier depends very much on the shape
of the barrier and on the normal to the surface component of
the electron energy. This component of the electron kinetic
energy is associated with the normal to the surface component
of the electron momentum and is determined by the energy
and the angle of incidence. Specular reflection coefficients
as a function of the normal component of the electron kinetic
energy for the majority (spin-up) electrons and for the minority
(spin-down) electrons are shown in Fig. 10 by the solid line
and by the dashed line, respectively.

Starting from Fig. 10 one can calculate the spin
asymmetry of specular reflection of electrons as Ag =
(R1M-R])/(R? + R]), where the arrows indicate the reflec-
tion coefficients for majority and minority electrons from the
potential barrier. The asymmetry as a function of the normal
to the surface component of energy is shown in Fig. 11.

At the electron energy of 20 eV and angles of incidence of
25° and 72° the normal to the surface components of energy
are 16.4 eV and 1.9 eV, respectively. Spin asymmetry for the
specular reflection of electrons at these angles of incidence is
found to be —0.072 and 0.169, respectively. This means the
asymmetry changes the sign, when the incident angle changes
from 25° to 72°. In Fig. 4, where the SPEELS spectra for this
primary electron energy (20 eV) and these angles of incidence
(25° and 72°) are shown, one can see that the asymmetry of
elastic electron scattering indeed changes the sign when the
angle of incidence changes from 25° to 72°. The magnitudes
of the asymmetries are of the same order as the calculated
values. Another experimental result that might be due to the
formation of the spin-dependent surface potential barrier is the
increase of the asymmetry of elastic electron scattering after
the deposition of a thin Fe layer on W(110), which is shown
in Fig. 6. Indeed, the normal to the surface component of the
electron energy in this case is about 2 eV, which corresponds
to a substantial asymmetry of the elastic electron scattering
from a spin-dependent potential barrier (see Fig. 11).
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Thus, the theoretical estimate of the spin asymmetry of elas-
tic electron scattering and its comparison with the experimental
results indicate that the spin-dependent surface potential
barrier may indeed be the cause for this asymmetry. A strong
dependence of the asymmetry on the parameters of the surface
potential barrier can be used to study the details of the barrier.

V. CONCLUSION

SPEELS spectra excited by low-energy (20-24 eV) spin-
polarized electrons from thin ferromagnetic layers of Fe on
W(110) were recorded at normal incidence (detection at 50°)
and specular geometries with 25° and 72° angles of incidence.
At specular geometry, for both 25° and 72° angles of incidence,
the intensity asymmetry of elastic scattering of spin-polarized
electrons increases compared to normal incidence, and this
asymmetry is mostly due to the exchange effect. Given that
the sample is an epitaxial (crystal) layer of Fe, the specular
geometry of the electron scattering corresponds to the detec-
tion of the (00) diffracted beam. In this case a coherent (and
multiple) scattering of polarized electrons on a spin-dependent
potential barrier may lead to the intensity asymmetry. The
intensity asymmetry of inelastic scattering (Stoner excitations)
also depends on the kinematics of the scattering. It does not
disappear, in general, for a specular geometry but becomes
invisible at a particular geometry and primary electron energy
(for example, at specular geometry, 72° of incidence, and
20 eV primary energy). The role of spin-dependent electron
scattering at the surface potential barrier and interfaces is
qualitatively discussed. Calculations of the asymmetry of
elastic electron scattering from a spin-dependent surface
potential barrier show a fair agreement with the experiment.
Systematic measurements of the angular and primary energy
(low-energy range 10-30 eV) dependence of the elastic and
inelastic scattering in SPEELS from ferromagnetic surfaces
will be carried out in the future. They will elucidate the
mechanisms of such scattering and empower the analytical
capabilities of SPEELS.
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