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Spin-Flip Stoner Excitations in a Ferromagnet Observed
by Inelastic Spin-Polarized Electron Scattering
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It is shown by electron-energy-loss spectroscopy with spin analysis that electrons inelasti-
cally scattered from a ferromagnet (Feg,B;,Sig) can have a high spin polarization as a result
of exchange scattering. A maximum of the spin polarization occurs around 2.2-eV energy
loss corresponding to the ferromagnetic exchange splitting. This experiment offers new pos-
sibilities for studying spin-flip Stoner excitations in ferromagnets.

PACS numbers: 75.30.Et, 71.70.Gm, 75.50.Kj, 79.20.Kz

Over the last decade electron-energy-loss spec-
troscopy (EELS) on metal surfaces (in the low-
energy-loss regime) has mainly concentrated on vi-
brational spectroscopy of adsorbates.! Little atten-
tion has been paid to the electronic excitations of
the substrate which are present as a continuous
background. Only very recently have there been
some studies on low-energy excitations on clean
metal surfaces.>® In electron scattering from a fer-
romagnetic sample the excitation of especially mag-
nons and electron-hole pairs is expected to lead to
spin-polarization effects because of the imbalance
of the number of spin-up and spin-down electrons
in the target. Bringer ef al.* and Yin and Tosatti’
have recently suggested that important spin-
polarization effects should occur for electron-hole
pair excitations. Glazer and Tosatti® have further
pointed out that spin-flip excitations across the
Stoner gap can be generated and can be observed
both in spin-polarized and in ordinary EELS, and
they should be characterized by a strong primary-
electron energy dependence. Stoner excitations are
fundamental in the theory of itinerant-electron fer-
romagnetism, although they have never been ob-
served directly. In this Letter we show that Stoner
excitations are readily observed by inelastic electron
scattering with spin analysis. A ferromagnetic glass,
Feg,B,Si¢, was studied, since it is easily magnetized
and has a large ferromagnetic exchange splitting
between spin-up and spin-down states.

The experiments were performed with the ap-
paratus previously described.” The sample, a rib-
bon of 80x9x0.5 mm?, was mechanically clamped
together to form a circular loop with the ends over-
lapping a few millimeters (see Fig. 1). In this way it
forms a closed magnetic circuit and it can readily be
magnetized by a current pulse through a coil
wrapped around it. This sample geometry has also
been used successfully in a recent experiment in-
volving scattering of primary spin-polarized elec-

trons.® The sample was cleaned by 1.5-keV Ne-ion
bombardment, initially for several hours, until a
sharp Fermi edge developed in the He1 photoemis-
sion spectrum and no contamination was detected.
The source of the primary electrons is a commercial
LEED/Auger electron gun. The overall energy
resolution (source and energy analyzer) is 650 meV
(full width at half maximum). The electrons im-
pinged on the surface at 30° off normal. The scat-
tered electrons were analyzed for normal exit from
the sample. The scattering angle is thus 150°. The
spin polarization of the scattered electrons is due to
magnetic effects only, because spin-orbit—induced
polarization effects were averaged out by reversing
the magnetization of the sample.

Figure 2 (lower panel) shows the typical, rather
smooth intensity distribution curve in the range of
energy loss from 0 to 12 eV for 180 eV primary
beam energy. No significant structure is observed
in this energy range. The two upper panels of Fig. 2
show the measured spin-polarization spectra for two
different primary energies. For the elastically scat-
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FIG. 1. Schematic of the scattering geometry.
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FIG. 2. Energy distribution curve (lower panel) and
spin-polarization spectra for two different primary ener-
gies (upper panels) in the energy-loss range 0-12 eV.

tered electrons we find spin-polarization values of a
few percent, positive or negative, depending on the
primary energy.’ In the regime of inelastic scatter-
ing the spin polarization shows a maximum
between 2- and 2.5-eV energy loss falling off
smoothly towards higher energy loss. The max-
imum value of the spin polarization for inelastic
scattering depends on the primary energy while the
general shape of the spin-polarization curve is the
same over the range of primary energies investigat-
ed. This insensitivity to primary energy indicates
that surface effects are not important in the present
experiment. In Fig. 3 we show the spin polarization
for elastic scattering, and the difference between
the maximum value around 2.2-eV energy loss and
the value for elastic scattering. The error bars have
different origins for the elastic and inelastic case.
For the inelastic case they represent the statistical
error of the difference measurement, whereas for
the absolute value for the elastic case they are relat-
ed to apparatus asymmetries arising upon reversal
of the magnetization of the sample. This is one
reason why we have plotted the difference. Anoth-
er reason why the difference is the more relevant
quantity is that it is generally thought that the in-
elastic scattering through large angles consists of a
small-angle inelastic scattering event preceded or
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FIG. 3. Spin polarization for elastic scattering
(squares) and difference between the maximum around
2.2-eV energy loss and the elastic polarization (circles) as
a function of primary energy.

followed by large-angle elastic scattering. In this
way the spin polarization for elastic scattering is the
value to which the inelastic spin polarization should
be referenced. Note that although the experiment
is performed with angle resolution the diffuse elas-
tic scattering from the glassy sample does not allow
us to obtain angular information on the inelastic
scattering only. This information can only be ob-
tained on a single-crystalline sample.

Over the energy-loss range of interest the main
energy-loss mechanism is electron-hole pair excita-
tion. These processes can take place with or
without spin flip. In Fig. 4 we show the major ex-
change process in a spin-polarized density-of-states
diagram. A primary spin-down electron falls into
the empty part of the minority-spin density and ex-
cites a spin-up electron from below Ex. The oppo-
site process, i.e., spin flip for a primary spin-up
electron, has comparatively low probability because,
as indicated by spin-polarized photoemission,!? the
majority-spin states are nearly filled. Therefore a
positive spin polarization is expected to result, in
accordance with the experimental observation. The
process shown in Fig. 4 is expected to have the
highest weight for an energy loss where the primary
electron falls into the maximum of the minority-
spin density just above Ep and excites an electron
from the maximum of the majority-spin density of
states. This energy loss corresponds then to the
ferromagnetic exchange splitting. The observed
maximum in the spin polarization around 2.2-eV
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FIG. 4. Inelastic spin-flip process in a spin-polarized
density-of-states diagram.

energy loss is actually in good agreement with the
exchange splitting of Fe measured by photoemis-
sion.!! Of course the observed value for the spin
polarization depends on the relative strength of the
spin-flip to nonflip excitations. In a model calcula-
tion Glazer and Tosatti® find a rather good agree-
ment for the shape of the spin-polarization curve.
They also emphasize that spin-flip processes (via
exchange) are distinguished by a strong dependence
on primary energy. With increasing primary energy
the exchange process becomes less probable, in
agreement with the experimental data.

Finally we mention two recent related experi-
ments. Mauri, Allenspach, and Landolt!? observed
spin-polarization effects (due to exchange scatter-
ing) in core-level excitations. Kirschner, Reben-
storff, and Ibach!® showed that spin-flip excitations
in single crystalline Ni can also be observed by
scattering of spin-polarized primary electrons, an ex-
perimental approach complementary to our tech-
nique. These results demonstrate the general im-
portance of exchange scattering in EELS. There-
fore we conclude that spin-polarized inelastic elec-
tron scattering obviously offers a new possibility for
studying the electronic structure of ferromagnetic
materials, a technique complementary to angle-
resolved spin-polarized photoemission and inverse
photoemission.

In summary, we have identified spin-flip Stoner
excitations in a ferromagnet by spin-polarized
electron-energy-loss spectroscopy with spin anal-
ysis. We have shown that it is possible to measure
exchange splittings also in amorphous ferromag-
nets, a case where photoemission fails to do so be-
cause of the rather structureless density of states.

Angle- as well as temperature-dependent measure-
ments on single crystals appear to be feasible.
These experiments promise to yield new insights
into the electronic structure of ferromagnets (e.g.,
also for ferromagnetic alloys).
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