Surface Science 273 (1992) 147-159
North-Holland

Spin polarization of secondary electrons from Fe(110)
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We report on angle- and energy-resolved spectroscopy of secondary electrons from Fe(110). Intensity and polarization
distributions in normal emission as a function of energy of the primary electrons are studied. For the first time angle-resolved
spectra as a function of emission angle are measured and compared to theoretical calculations of the polarization fine structure.
The influence of OXygen exposure on the polarization spectra is studied and surface-related features are identified. We conclude
that surface resonances as well as the bulk band structure both contribute to the polarization fine structure. Consequiznces for the
analysis of magnetic microstructures in a scanning electron microscope with polarization analysis are pointed out.

1. Introduction

The spin polarization of secondary electrons
from ferromagnets was discovered in 1976 by
Chrobok and Hofmann [1]. When bombarding a
polycrystalline EuS film by unpolarized primary
electrons, they observed up to 32% polarization,
and found the vector orientation to be antiparal-
lel to the magnetization. Since then, a number of
studies have been carried out, partly motivated by
the development of scanning electron microscopy
with spin polarization analysis of the secondaries
[2-4], since a fundamental understanding of the
polarization properties is vital to its application
[5]. Spin polarization properties of secondary
electrons from the following bulk samples have
been investigated: the metallic glasses Feg, B,Si,
[6,7], Feg,NiyB,, and Fe ,Ni,;B,, [7], Feg;B,,
[8], poly-crystalline permalloy [9], Ni(110) [10],
Co(1010) [11), and Fe(100) [11,12]. To date, a
general qualitative understanding of the polariza-
tion spectra has been achieved, but for a quanti-

tative understanding more data on well-defined
clean single-crystal surfaces are required. The
purpose of the present study is to provide angle-
resolved data on the spin polarization and inten-
sity distribution of secondaries from Fe(110) ex-
cited by unpolarized primary electrons of variable
energy. Some part of this work has been pre-
sented previously [13], though without experimen-
tal details. These will be given in section 2. In
section 3 results for normal emission and spin
polarization spectra for off-normal emission are
presented, followed by a discussion inisection 4.
A few conclusions related to the operation of a
scanning electron microscope with spin polariza-
tion analysis are drawn in section 5.

2. Experimental aspects
For the experiments the analyzer part of the

“complete scattering experiments” described ear-
lier [14] was used, but in a different configuration
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Fig. 1. Schematic view of the experimental apparatus for the

angle-resolved measurement of intensity and polarization dis-

tributions of secondary electrons from Fe(110), excited by
unpolarized primary electrons.

of the sample orientation and magnetization. As
shown schematically in fig. 1, the apparatus con-
sists of three main parts: the magnetized sample,
the energy analyzer with transport lens, and the
spin analyzer following the energy analyzer. The
sample is a Fe(110) crystal, magnetized along the
(100] direction, and held by a soft iron yoke. In
the sketch of fig. 1 the magnetization points into
or out of the paper plane. It was assured by in
situ magnetic Kerr effect observation that the
sample surface was in a single-domain state along
the magnetization direction. The sample was ex-
tensively cleaned by heating and sputtering along
established procedures [15,16], until heating above
the Curie temperature did not result anymore in
noticeable impurity segregation (mainly S). For
its final preparation the target was sputtered by 2
keV Ar” ions to remove traces of oxygen. This
leads to carbon enrichment at the surface due to
preferential sputtering. The remaining C was re-
moved by “titration” with oxygen (i.e. oxidation)
at 550°C until the surface was found “Auger-
clean”. A very clear LEED pattern with strong
contrast was observed as a result. Since we found
that the spin polarization signal itself is somewhat

more sensitive to contamination than Auger spec-
troscopy, the polarization served as the final
check. The secondary electrons were excited by a
glancing incidence gun located above the paper
plane at an angle of 50° with respect to the axis of
the transport lens. The take-off angle 6 was var-
ied by rotating the sample, which caused the
angle of incidence with respect to the surface
normal, 6;, to vary between 45° and 55°. The
transport lens consists of 5 cylindrical electrodes
and accelerates or decelerates the electrons into
the electrostatic analyzer, working at a constant
pass energy. The geometrical angular resolution
given by the aperture size and its distance to the
sample is about +3°. When the sample was bi-
ased with respect to ground by — 10 V, which was
necessary for obtaining the data in figs. 2 and 3,
the effective acceptance angle for the very-low-
energy electrons may increase to +5%. The elec-
trostatic analyzer is of the cylindrical mirror type,
operating in second-order focusing at 90° deflec-
tion angle. With its constant pass energy set at 12
eV the energy resolution was about 0.3 eV, as
may also be read from the low-energy edge of the
intensity distribution curves in fig. 2a. After en-
ergy analysis the electrons are accelerated to an
energy of 104.5 eV, and focussed into the
LEED-type spin analyzer [17]. The elastically
diffracted electrons from the W(001) surface (sec-
ondaries are suppressed by the hemispherical
grids) are multiplied by a two-stage channelplate
amplifier and detected by a position sensitive
readout using a resistive anode. After a short
integration time a “LEED pattern” (as indicated
in fig. 1) may be observed on an oscilloscope
storage screen. The relative count rate difference
of the pair of {20) beams, which is obtained by
setting electronic windows around the corre-~
sponding diffraction spots, yields a measure of
the sign and magnitude of the spin polarization
vector P normal to the paper plane. The corre-
sponding {02) pair measures a horizontal compo-
nent, which was found to be Zero, as was ex-
pected, since the magnetization was normal to
the paper plane. Since the emission plane coin-
cides with a (100) mirror plane of the crystal, any
polarization component due to spin—orbit inter-
action in the sample is also along the normal to
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the paper plane [17]. This contribution was re-
moved by measuring the secondary electron spin
polarization for opposite magnetizations and tak-
ing the difference. In a previous “worst case”
experiment it has been shown that the polariza-
tion vector and the magnetization vector are par-
allel to within the experimental accuracy of + 1.5°
[18]. Since the present geometry is more symmet-
ric than that in ref. [18], we can make sure that
the full polarization vector is measured.

3. Results

In the first place we used the normal-emission
geometry, since this is the preferred geometry for
scanning electron microscopy with spin polariza-
tion analysis. We are interested in the evolution
of the intensity and spin polarization distributions
as a function of the primary energy. Similar data
have been measured previously for polycrystalline
[2] or amorphous material [8] but not for a single
crystal in an angle-resolved experiment. In order
to discriminate secondaries from the chamber
wall and lenses, excited by backscattered eclec-
trons, we biased the sample —10 V negative with
respect to ground. This caused no significant
change of the polarization distributions, though
the effective solid angle becomes slightly energy
dependent. Its effect on the intensity distribution
as well as that of a slightly encrgy-dependent
transmission of the transport lens was not cor-
rected, since we are interested in relative changes
of the intensity distribution curves. Fig. 2a shows
the measured intensity distribution curves for dif-
ferent primary energies, while fig. 2b shows the
polarization distribution curves for similar ener-
gies. The intensity distributions show the well-
known behaviour with a pronounced peak at low
energy and a gradual decrease towards higher
kinetic energy. A slight hump between 15 and 20
eV is visible at all primary energies, though the
slope of the distribution changes. We note that
the shape of the distributions stabilizes beyond a
certain primary energy. This is seen by comparing
the distributions for 490 and 1990 eV primary
energy. Except for a barely visible increase at
very low energies, the 1990 eV curve has the
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Fig. 2 (a) Intensity distribution curves for secondary electrons
from clean Fe(110), emitted around the surface inormal, with
the primary energy as a parameter. The angle of incidence, 0;,
is ~ 50° with respect to the surface normal. The count rate is
normalized to constant primary beam current. Note that the
distribution curves for 490 and 1990 eV have the same shape,
except for a minute enhancement at very low energy. (b) Spin
polarization distribution curves for the same conditions as in
(a). The vertical bars give the lo-statistical error. Note that
the “plus /minus” feature around 15-20 eV is associated with
a hump in the intensity distribution curves around the same
energy.
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same shape as that at 490 eV primary energy, but
is scaled down by a certain factor.

Turning to the polarization distributions, we
note that the polarization at low kinetic energy
increases with the primary energy from about
30% at 50 eV to almost 50% at 2 keV. We also
notice a pronounced “plus/ minus” polarization
feature in the range of 15 to 20 eV which is
obviously related to the intensity hump in fig. 2a.
By shifting the polarization distributions such that
they lie one on top of the other, we found that
this plus /minus feature is, within the statistics,
the same at all energies: in particular does its
amplitude not increase with Increasing primary
energy. This rules out the possibility of this fea-
ture being a low-energy portion of the multiplet
Coster—Kronig-type Auger transition near 45 eV,
since its intensity should drastically diminish when
the primary energy approaches its excitation
threshold. This observation, together with the
dispersion properties of this feature to be shown
below, prove that the fine structure on the polar-
ization distributions is due to the crystallinity of
the sample. While the fine structure is very simi-
lar in all distribution curves, there is a noticeable
exception near 2 eV (the data points have been
taken in 0.5 eV intervals): with Increasing primary
energy an additional fine structure peak evolves
around 2 eV which remains constant above about
I keV primary energy. With this exception, our
observations lend further support to the assump-
tion of Tamura and Feder [19] that the polariza-
tion distribution is additively composed of a
smooth “cascade”-related function, which may
depend on the primary energy, and an energy-in-
dependent fine structure due to the bulk band
structure of the crystal.

To check this point further, and in order to
make contact with standard measurements of sec-
ondary electron emission, we measured the total
secondary electron yield as a function of primary
energy, together with the polarization at several
secondary energies. The geometrical conditions
are the same as in fig. 2. The results are shown in
fig. 3, where the total secondary electron yield is
plotted on the left hand scale, while the natural
logarithm of the ratio of majority spins N ; to
minority spins N . is plotted on the right-hand
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Fig. 3. The total secondary electron yield from clean Fe(110)
(left-hand scale) versus the primary beam energy. The loga-
rithm of the ratio of majority electrons N + and minority
electrons N is plotted on the right-hand scale for 1, 15, and
20 eV kinetic energy of the secondary electrons. The angle of
incidence is ~ 50° with respect to the surface normal. The
polarization data refer to normal emission within a solid angle
of > +5° Note that the saturation of the polarization is
reached beyond the energy where the maximum total yield is
reached.

side. The secondary yield was determined at each
energy by varying the bias potential in the range
—50 to +50 V while recording the target cur-
rent. The yield was determined from the asymp-
totes and the measured value at zero bias in the
usual way. The accuracy of this procedure is not
as good as that of more sophisticated collector
methods [20], but the relative accuracy is ade-
quate for our present purpose of relating the
total yield curve with polarization data. This
method is limited to the condition of the primary
energy being large compared with the bias poten-
tial. Therefore we discarded the data below 150
eV primary energy where this condition was not
met, even for smaller bias potential scans. For the
total yield we observe the usual curve [20] with a
maximum of the yield around 500 to 600 eV and
a drop on both sides. We note that the variation
of the total yield with energy is consistent with
the relative areas under the intensity distribution
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curves in fig. 2a, which have been observed in
normal emission,.

It is obvious from the polarization spectra in
fig. 2b, that the spin polarization of the secondary
electrons also depends on the primary energy. It
1S not clear, however, whether the polarization
increases uniformly by a certain scaling factor
upon increasing the primary energy, or whether
the spectral distribution changes its shape. There-
fore, we measured the polarization at selected
kinetic energies of 1, 15, and 20 eV for a wide
range of primary energies, and plotted them in
fig. 3 on a logarithmic scale. The ratio of majority
to minority electrons, plotted on the right hand
scale, is related to the polarization P by

In(N; /N, ) = In[(1+ P) /(1 - P)]
=2(P+P3/3+P5/5+ ).

We plotted the polarization data in this way since
the logarithmic scale allows to compare the shape
of the curves in a direct way. If they had the same
shape at all secondary kinetic energies, but were
scaled by a certain factor only, they would just
appear shifted with respect to each other in fig. 3.
Evidently, there is no such scaling factor and the
shape of the curves is different. Though for all
three energies the polarization is higher at a high
primary energy than at a low energy, the relative
increase in polarization with increasing primary
energy is much larger at 1 eV than at 20 eV.

The data points for 15 and 20 eV kinetic
energy at low primary energy deserve further
comment: at low primary energy, and if the sec-
ondary electron energy is not very small com-
pared to the primary energy, the measured polar-
ization is not that of the secondary electrons only
[18]. Since the secondary electron yield is low, a
fraction of inelastically scattered primary elec-
trons, which are unpolarized, at the same kinetic
energy tends to diminish the polarization. For
this reason we consider these data points as not
representing the true secondary electrons’ polar-
1zation.

Comparing the polarization data to the sec-
ondary electron vield curve we note that the
saturation of the polarization occurs close to, but
beyond the primary energy where the maximum

yield is observed. This important finding, bearing
on the mechanism of the generation of spin-
polarized electrons in the collision cascade, will
be discussed in section 4. We note here that
qualitatively very similar results have ‘been ob-
tained on bulk Fe(100) by Paul et al. [21]. They
also show the polarization to saturate b{:yond the
energy of the maximum yield, and also find the
polarization enhancement to be stronger for low-
energy secondaries than for high-energy ones.
The second part of our experiments concerns the
polarization fine structure superimposed onto the
smooth “cascade polarization”. Taborelli [22]
compared in unpublished work the pq}larization
spectra from Fe(100) and Fe(110) in normal emis-
sion and showed that at oblique emission from
Fe(100) the spectrum of the (110) surface is ob-
tained in good approximation at an emission an-
gle of 50°, ie., approximately along the [110]
direction. Our results for normal emission from
Fe(110) are in good qualitative agreement with
that of Taborelli, though the magnitude of polar-
ization is higher by about a factor of 1.2 in our
case. The reason(s) for this discrepancy are not
yet known.

We studied the evolution of the polarization
spectra for various take-off angles from Fe(110)
and compare them to calculated fine structures in
section 4. For these measurements we used a
primary energy of 2.5 keV, i.e., well in the satura-
tion regime, and a sample bias potential of 0 V to
remove the distortion of the trajectories. The
results for take-off angles from 6 = 0° to 6 =60°
are shown in fig. 4. We observe that ithe maxi-
mum polarization near zero energy is similarly
high in all cases, followed by a gradual decrease
towards higher kinetic energy. We note also a
strong dependence of the fine structure on the
emission angle and dispersive behaviour (e.g., for
6=10° and @ = 15° around 10 ¢V). This demon-
strates unequivocally that the fine structure is
due to the crystallinity of the sample. By averag-
ing over all emission angles, such as in a micro-
scope, these features tend to average. out. Qur
attempt to recover the presumably smooth
“cascade” polarization function by averaging over
the available angle-resolved data was not quite
successful, though. The averaged data do indeed
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Fig. 4. Angle-resolved secondary electron spin polarization

distributions from clean Fe(110), with the take-off angle 6

relative to the surface normal as a parameter. The vertical

extension of the bars indicates the + 1o statistical error. Note
the vertical shift of the curves by 20% each.
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show a much smoother behaviour, but the pro-
nounced minimum feature around 9 eV persists.
The almost featureless curve for 9 = 30° turned
out not to be well suited to describe the “back-
ground” since it often lies above the other curves.
Thus, it appears that the determination of the
cascade polarization is not an easy task, at least
not with single crystals. Therefore, we tried to
simulate “amorphous Fe” by sputtering the sur-
face extensively by various noble gas ions with
different energies. These attempts, however,
failed for two reasons: first, we never were able
to destroy the long-range crystalline order com-
pletely according to the LEED pattern, which
still showed diffractions spots, though diffuse.
Second, preferential sputtering was always pre-
sent and led to carbon enrichment at the surface,
Since the polarization data from such a surface
cannot reliably be compared with those from a
clean surface, we tried to “titrate” the carbon
away by oxygen exposure. This necessarily in-
volved heating above 450°C, after which a clear,
sharp LEED pattern reappeared. We conclude
that the polarization of the cascade contributions
remains unknown, at present.

It is well known that the fine structure in
secondary electron intensity spectra reflects both
bulk- and surface-related features [23-26]. For
the polarization fine structure this question has
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not been treated yet. So far, the fine structure
has been traced back to the bulk band structure
above the vacuum level [19]. The standard experi-
mental tool to distinguish between bulk- and sur-
face-related features is to absorb reactive gases at
the surface. Though this is not an unequivocal
proof of surface effects under all circumstances,
this technique usually gives a good hint. For this
Teason we studied the behaviour of the secondary
electron polarization upon exposing the surface
to increasing doses of Oxygen at room tempera-
ture. Fig. 5 shows the spin polarization at two
kinetic energies (1 and 10 eV) at normal emission
as a function of oxygen exposure up to 200 L. As
expected, we find a gradual decrease at both
energies since the oxide formation leads to a
decrease of the magnetic moment at the surface.
These data are also relevant for applications of
the scanning electron microscope with polariza-
tion analysis since they show in a quantitative way
the effects of Oxygen contamination on the mag-
netic contrast. A closer inspection shows in addj-
tion, that the polarization at 1 eV kinetic energy
drops faster with increasing oxygen exposure that
at 10 eV. Plotting the data in form of In(N, /N )
like in fig. 3 confirmed that there is not a com-
mon scaling factor between the two curves. A
similar study was carried out on Ni(110) [27] with
different results, There, a faster initial decrease,
followed by a plateau up to 2 L and a slower
decrease to 50 L was observed. Much less differ-
ence for electrons with 0 and 10 eV kinetic en-
ergy was found. We attribute the more gradual
decrease with Fe(110) to the different character-
istics of oxygen uptake and oxide formation. The
faster decrease at low kinetic energy has its origin
in a change of shape of the polarization distribu-
tion. This is seen in fig. 6, where we compare the
polarization spectrum from the clean surface to
that from the surface exposed to 50 L. oxygen
(corresponding to about 1 ML coverage) for the
Same experimental conditions. Clearly, the de-
crease at 30 eV is much less than at low energies.
Evidently, the peak around 2 eV vanishes, while
the features around 20 eV persist. This leads us
to the conjecture, that the latter feature is related
to the bulk bandstructure while the low-energy
features are at least in part related to the surface
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Fig. 6. Comparison of secondary electron spin polarization

spectra from the clean surface and after expasure to 50

langmuir O,. Note that the surface peak at ~2 eV disap-

peared while the bulk-related features around 20 eV are
much less affected.

electronic structure. This will be discussed in
more detail below.

4. Discussion

Our discussion of the preceding results will
focus on the following questions: how can the
polarization enhancement at low energies and its
dependence on the primary energy be under-
stood, and what is the role of surface ¢lectronic
states in this process? We first make reference to
established models of the secondary electron gen-
eration process, which have been developed some
decades ago. A source of references may be found
in Seiler’s review [20].

The shape of the total yield curve, cf. fig. 3,is
explained in the following way: starting from low
primary energies more and more energy is dissi-
pated by the primary electrons in plasmon excita-
tion, electron-hole pair production and, when
the energy suffices, in core-level ionization. In-
elastically scattered primary electrons may dissi-
pate energy in smaller and larger portions until
they come to rest, predominantly inside the solid.
On their way they may have created some high-
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energy secondaries, which in turn produce ter-
tiary electrons and so on, up to higher genera-
tions. This process resembles a collision cascade
in ion-solid interaction and the secondaries are
said to be generated in a cascade process involv-
ing many generations of secondaries. With in-
creasing primary energy more and more secon-
daries are generated in total, but also the relative
number of high-energy secondaries increases, as
may be seen in the intensity distributions of fig.
2a. Simultaneously with the increase of the
amount of energy deposited in the solid, the
center of gravity of the region where the cascade
develops moves to larger depth, since the pro-
jected range of the primary electrons increases
with energy. (At a few keV energy the projected
range of the primaries is of the order of several
100 nm to several 1000 nm for medium to light
weight materials.) Since the secondaries also dis-
sipate energy on their way to the surface, they
have the less chance to overcome the surface
barrier, the deeper inside they have been gener-
ated. Thus, there exists a certain primary energy,
usually of order several 100 eV to 1 keV, where a
maximum of the yield is obtained. Beyond this
energy, in total more secondaries are generated
inside the material, but this occurs at such large a
depth that only a small part of them arrives at the
surface with sufficient residual energy to over-
come the surface barrier. At the energy of the
maximum vyield, and beyond, the intensity distri-
bution curves become essentially stationary (see
fig. 2a) but the overall yield decreases. Only at
the very low energies a slight increase may be
found as has, e.g., been observed by Palmberg
[28] on clean Ge, and also in the present work,
though barely visible on a logarithmic scale. These
are electrons that come from deep below the
surface, having dissipated their energy in many
inelastic collision events. They barely overcome
the surface barrier, possibly only after several
reflections between the surface barrier and the
top atomic layer.

How is this picture related to the energy de-
pendence of the polarization enhancement, e.g.,
the curve for 1 eV kinetic energy in fig. 3? It has
been commonly accepted that among various en-
ergy loss mechanisms Stoner excitations [10,11,

13,14,29,30] play a major role for the secondary
electron polarization from ferromagnets. Stoner
excitations are characterized by an electron of a
particular spin state above the Fermi level, cou-
pled to a hole in a band of opposite spin charac-
ter below Ey. These electron—-hole pairs may be
generated by a two-electron exchange scattering
process in the following way. Assume a secondary
electron, e.g., with energy Eg = 20 eV above the
Fermi energy, and having minority spin character,
to scatter with a majority-type electron below E F
After the elastic scattering event the minority
electron must have found an empty state above
Eg, while the majority electron is raised up in
energy, almost to the level which the minority
electron had before scattering. The difference in
energy is the energetic difference between the
state now occupied by the minority electron
(above E.) and the state previously occupied by
the majority electron (below Ep). This energy
difference is typically of the order of the ex-
change splitting A of the spin-split bands in the
ferromagnet, e.g., A =2 eV for Fe. As 4 result of
this process we have another secondary electron
with energy Eg — A and of opposite (= majority)
spin character. The whole process looks as if we
had an inelastic process with energy loss A and
an apparent spin flip of the electron. (We empha-
size, that in reality the electron-electron scatter-
ing is elastic and that the individual electrons
preserve their spin orientation.) The interaction
channel we described is, of course, only one
among others; for example, there might be an
exchange of electrons with the same spin (which
would be indistinguishable from a direct scatter-
ing process), or there might be a majority-type
secondary electron “converted” into a minority-
type one. “Complete” electron scattering experi-
ments [14,30] proved that the exchange processes
leading to an apparent spin flip contribute about
one third to one half to the total intensity at the
typical energy loss A. These exchange processes
therefore are by no means rare events, and we
emphasize that they occur in “ordindry”, i.e.
paramagnetic, materials without exchange split-
ting as well — only the distinction between major-
ity and minority electrons is senseless in this case.

For our present topic there are two additional
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important aspects: (i) in a ferromagnet there are
by definition more majority electrons (and more
minority empty states above E¢) than minority
electrons (and majority empty states above Ep).
Therefore the process outlined above will on
average occur more frequently than the opposite
one, which means that the secondary electrons
will be “enriched” in majority spin. (ii) The (ap-
parent) spin reversal of a secondary electron is
accompanied by an (apparent) energy loss of or-
der 4. As a consequence, if we take a certain
kinetic energy E; where we observe a certain
majority spin polarization, we will at a lower
energy (Eg — A) always find a higher spin polar-
ization of majority character. This explains why
even at low primary energies in fig. 3 we find
higher polarization at 1 eV secondary kinetic
energy than at 15 eV. This argument explains
qualitatively the tendency of increasing spin po-
larization with decreasing kinetic energy. At-
tempts to cast this picture into a formal theory
have been undertaken by Penn and coworkers
[31,32] using the concept of a spin-dependent
inelastic mean free path. This concept recently
seemed to be corrobated by measurements on the
attenuation length of low-energy electrons
through a magnetic film (33] and its spin depen-
dence, which was interpreted in terms of spin-de-
pendent inelastic mean free paths. Very soon,
however, it was shown by theoretical calculations
that the attenuation could also be obtained by
purely elastic spin-dependent scattering in the
overlayer [34]. In spite of partly encouraging
agreement between measured cascade polariza-
tion and calculated enhancement factors, the
concept of spin-dependent mean free paths ap-
pears to be unsettled. In particular, the increase
of the secondary electron spin polarization with
increasing primary energy and its fina] saturation
cannot be explained by spin-dependent inelastic
mean free paths. For this the spatial evolution of
the cascade with increasing primary energy has to
be considered. As mentioned above, at low pri-
mary energy the cascade is rather shallow and not
fully developed. This means that many secon-
daries may escape the solid without major energy
loss, in particular without having undergone ex-
change scattering processes. With increasing pri-

mary energy the cascade moves deeper into the
solid, so that the secondaries observed outside
have travelled increasingly longer path lengths.
This means that the probability of exchange scat-
tering with spin flip increases, as well as that of
plural exchange scattering events. Since these
events arc accompanied by an energy loss, the
relative increase of the low-energy secondaries is
larger than that of the high-energy ones, en-
hanced by the energy dependence of the ex-
change scattering cross section. By tendency, the
cross section is higher at low energies, but not
much is yet known quantitatively for the ex-
change scattering with conduction band electrons
in ferromagnets. Some results concerning the de-
polarization in inelastic scattering frdm a non-
magnetic system (Mo(110)) have recently been
published by Mulhollan et al. [35] for the primary
energy range from 10 to 90 eV. The results are in
agreement with this expectation, showing larger
depolarization at low primary energy than at
higher energies. Since not all of the depolariza-
tion effect can be attributed to exchange pro-
cesses (spin—orbit depolarization is significant in
4d metals), it seems unlikely that the exchange
scattering cross section in ferromagners changes
drastically within several tens of eV, so as to
cause a major contribution to the polarization
enhancement at low kinetic energies.

The observation of polarization saturation of
very slow secondaries near but beyond the energy
of the maximum yield has also been made for
thin iron overlayers (2 monolayers) on Au(100) by
Paul et al. [21]. In this case the shape of the yield
curve versus primary energy and the energy of
maximum yield are determined by the substrate
rather than by the overlayer and consequently are
different from those of bulk Fe(100). The magni-
tude of the maximum polarization is much less
than for bulk Fe (~ } of the bulk value for 2 ML
Fe) since the secondaries arriving at:the cover
layer from below are unpolarized. Their energy
distribution remains stationary upon increasing
the primary energy, once the energy of the maxi-
mum vyield is passed, and consequently the polar-
ization of the secondaries remains constant. This
picture is valid as long as the overlayer thickness
is small compared to the maximum escape depth
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of the secondaries (which depends on the sub-
strate material).

The maximum escape depth of the secondaries
is reached when the intensity distribution curves
become stationary, i.e., near but beyond the max-
imum of the yield. Any further increase of the
primary energy shifts the center of the collision
cascade further inside, but the electrons that fi-
nally escape with minimum energy come from a
certain maximum depth only (roughly 2 nm [20]).
These electrons have had maximum probability to
undergo spin flip scattering events and thus satu-
ration is obtained. (One should keep in mind that
50% spin polarization means that three out of
four electrons have their spin oriented along the
same direction.) Complete spin polarization can-
not be obtained since there are other, spin-inde-
pendent energy loss mechanisms. As these are at
least as important as the flip processes, the sec-
ondaries will be slowed down below the vacuum
level before reaching their maximum polariza-
tion. However, the saturation value will depend
on the existence and energy density of empty
majority states above Er since these enable the
reverse spin flip scattering process, leading to an
enrichment in minority-type secondary electrons.
This argument may explain why the relative en-
hancement in Nj [10] is higher than in Fe: Fe has
considerably more empty majority-type density of
states than Ni. We note that the above explana-
tion of the saturation of the spin polarization at a
high primary energy is different from a previous
explanation of a similar feature observed with
Fey;B,; [8] and polycrystalline permalloy [9].

Turning to the polarization fine structure, we
recall our observation in section 3, fig. 2 of the
amplitude of the bulk-related fine structures be-
ing independent of the primary energy. This is in
line with the fine structure of the intensity distri-
butions being observable from rather low primary
energies on. Obviously, the bulk states are popu-
lated, once the energy suffices. They may as well
be populated by inelastically scattered primaries
as they are by true secondaries. The spin polar-
ization of the electrons emitted out of these states
is determined by the spin character of these
bands, rather than by inelastic scattering pro-
cesses involving the spin-split density of states

around the Fermi level. The escape depth of
these electrons is determined by the usual inelas-
tic attenuation length which is probably shorter
than believed so far, not withstanding its possible
spin dependence [33,34]. Since this is well within
the projected range of primary electrons even of
low energy (> 50 eV) the bulk band states are
populated even when the collision cascade has
not fully developed. A possible higher population
of these states due to a larger supply of electrons
at higher primary energy may enhance the emis-
sion intensity somewhat, but not the spin polar-
ization.

Within the surface-related fine structure at 2
eV Kkinetic energy we observed a polarization
feature growing with the full development of the
collision cascade. The growth of this feature cor-
relates with an intensity increase at very low
energy when the primary energy is at and beyond
the energy of the maximum vield. Since the en-
ergy of these electrons matches well that of the
surface state or surface resonance, we speculate
that these are populated particularly easily, in the
sense of a resonance phenomenon, by the very-
low-energy secondaries when they arrive at the
surface and possibly are multiply reflected by the
surface barrier. We noted that these features are
removed by oxygen exposure, while the bulk-re-
lated features essentially persist. These conjec-
tures, based on experimental observations only,
are corroborated by recent calculations by
Tamura and Feder. Since these results will be
published elsewhere [36], only a few essential
points will be described here. The calculations
were performed along the lines of the work by
Tamura and Feder [19] for Fe(110) with two
major additions: (i) for the first time calculations
were done for a series of take-off angles from 0°
to 60° and (ii) the effects of the surface barrier
on the polarization fine structure were studied in
detail. Some results are shown in fig. 7, showing
the polarization fine structure only, without the
contribution from the secondary electron cas-
cade. Two models for the surface barrier have
been used: full multiple scattering between sub-
strate and barrier, denoted by full lines in fig. 7,
and restricted (2 times) multiple scattering
(dashed lines). The former is appropriate for an

- L
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Fig. 7. Theoretical calculation of the spin polarization fine

structure for the same angles as in the experiment. The fu}]

and dashed lines, respectively, denote a surface barrier model

with full multiple scattering (solid lines) or reduced multiple

scattering (dashed lines). The large peak around 2 eV obvi-

ously is a surface resonance, which is also observed experi-
mentally (cf. fig. 6).

ideal rigid surface without defects and steps since
it fully describes threshold resonances due to
multiple scattering. A real surface shows defects
and enhanced lattice vibrations which tend to
destroy the phase relation between multiply scat-
tered waves. In the calculations the influence of
the surface may therefore be simulated by re-
stricting artificially the number of multiple scat-
tering events between substrate and surface bar-
rier. Features which respond sensitively to this
manipulation may be identified with surface I€so-

nances or, more generally, with surface-induced
fesonance structures. As shown by fig. 7, the
latter barrier model tends to wash out resonance
features over the whole energy range, but its
effects are relatively small above 5 eV. A drastic
effect is found around 2 eV, where the full multi-
ple scattering model produces a large asymmetry
peak of the majority type. This peak is very
sensitive to the barrier model and may thus be
identified with a surface-induced resonance fea-
ture. At small take-off angles the surface reso-
nance dominates the asymmetry spectriim, while
it is comparable to bulk features at larger angles.
Comparing these results to the experimental data
of fig. 4, we observe rather good general agree-
ment at large angles, but less agreement at small
angles, where the experimental structures are
stronger than in theory. In any case, however, we
find a rather strong polarization featurejaround 2
eV on the clean surface. Upon oxygen: exposure
this feature is strongly quenched at a coverage of
~1 ML. It is interesting to note that on Fe(100)
a similar low-energy polarization feature was ob-
served by Allenspach et al. [37] which also disap-
peared at a coverage of ~ 1 ML of oxygen (the
€Xposures are different in both cases since the
reactivity of both surfaces are different).

Thus, both theory and experiment lead to the
conclusion that the fine structure in secondary
electron polarization spectra is determined by the
bulk band structure as well as by surface reso-
nances. They seem to contribute by about equal
amounts at a clean surface, while the bulk-related
features survive at a slightly contaminated or
otherwise disturbed surface.

5. Conclusions related to magnetic surface
structure analysis

In the following some remarks shall be made
which refer to the operation of a scanning elec-
tron microscope with spin polarization analysis of
the secondary electrons.

(1) The polarization fine structure generally
will be of minor importance since the angular
integration by using polycrystalline material or an
extraction field largely washes out this structure.



158 J. Kirschner, K. Koike / Spin polarization of secondary electrons from Fe(110)

The structure due to surface states or surface
I€sonances may contribute contrast effects on
slightly but inhomogeneously contaminated sur-
faces.

(2) The choice of appropriate operating condi-
tions for the primary beam source may be read
from fig. 3. Since for SEM observations the very-
low-energy secondaries are by far the most im-
portant ones (they are most easily collected and
carry the largest spin polarization), the polariza-
tion curve for 1 eV kinetic energy and the yield
curve are the most important data, The signal-
to-noise ratio in a “magnetic map” is determined
by the spin polarization times the square root of
the secondary electron vield. Therefore, the mi-
croscope will preferably be operated in the regime
of saturated polarization, which is beyond the
energy E., of the maximum yield. This energy
depends on the material, the angle of incidence,
and some other parameters [20]. The yield at a
given energy beyond E,, may be increased by
increasing the angle of incidence, but the distor-
tion of the image soon limits this approach. Since
the preferred take-off is normal to the surface for
optimum collection efficiency, the geometry
adopted in fig. 3 is thought to be close to the
optimum. Thus, we arrive at the conclusion that
an optimum signal-to-noise ratio will be obtained
at a primary energy between 1 and 2 keV. With
ordinary SEM columns the resolution at these
low energies is rather poor, which strongly sug-
gests the use of field emission cathodes for this
purpose.

(3) The depth of magnetic information under
these conditions is given by the escape depth of
the secondary electrons. Contrary to many propo-
sitions [6,8,27,38-40] the escape depth is not given
by the usual attenuation length A (also sometimes
called the “universal curve”) but rather by an
escape depth A which has to be used in the
presence of a continuously slowing down process,
and in the presence of a high-energy filter, repre-
sented by the surface barrier. According to the
review by Seiler [20] the escape depth is in the
range of 0.5 to 1.5 nm for metals, with the transi-
tion metals located at the lower end. Not surpris-
ingly, in a direct measurement [27] on Ni(110) a
magnetic depth of information of three to four

layers (0.4-0.5 nm) was found. A more detailed
discussion of the magnetic depth of information,

also for inhomogeneous samples, may be found in
ref. [13].
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