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Momentum dependence of the Stoner excitation spectrum of iron
using spin-polarized electron-energy-loss spectroscopy
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The electron-hole excitations with different spin con6gurations have been separated and studied

experimentally in iron, with use of spin-resolved electron-energy-loss spectroscopy with both a
source and detector of spin-polarized electrons. The data are interpreted using a two-particle, ex-

change scattering model, and analyzed in the 4&(4 product spin space of the incident and target
electrons. Stoner excitations in the form of majority-hole-minority-electron pairs are found to

comprise up to one-third of the total electron-hole excitations in off-specular scattering, and exhib-

it a clear, broad peak due to excitations within the exchange-spht d bands of iron. The width and

energy loss at which this peak occurs increase with increasing wave vector of the Stoner excita-

tion. These trends are also observed in the calculated Stoner density of states for iron.

I. INTRODUCTION

Two of the most important characteristics of
itinerant-electron magnetism are the dramatic eff'ects of
electron-electron interactions, and the ability of the mag-
net to support magnetic excitations. The 6rst of these
properties leads to separate electronic bands for the
spin-up and spin-down electrons. These may be de-
scribed as perturbations of a degenerate, paramagnetic
band structure from which the energy degeneracy is lift-
ed by an "exchange splitting" which is dependent on
spin and wave vector. When the Fermi level lies be-
tween the bands derived from a single degenerate
paramagnetic band, the lower energy, spin-up (or majori-
ty) states are occupied, while the higher energy, spin-
down (minority) states are not. This leads to a net spin
polarization of the conduction electrons which supports
the macroscopic magnetization. ' Bands which are ex-
change split across the Fermi level also lead to the possi-
bility of a unique single-particle excitation. An electron
may be removed from an occupied majority state, under-

go spin reversal, and be placed in a previously unoccu-
pied minority state. The resulting electron-hole pair
with opposed spin and net wave vector q is termed a
"Stoner excitation. " For each q and spin combination, a
distribution of Stoner excitations is possible. This distri-
bution is called the "Stoner density of states, "' and is
given by the joint density of states for occupied and
unoccupied states of appropriate spin, with the momen-
tum transfer q. The most straightforward case is q=O,
where the Stoner density of states sho~s the abundance
distribution of the exchange splitting averaged over the
81111ouin zone.

A second attribute of Stoner excitations is that, since
they invo1ve a spin reversal, they are the fundamental
single-particle magnetic excitations in itinerant-electron
magnetism. At low energy and wave vector, the
configuration of the electronic bands does not allow indi-
vidual Stoner excitations. In this case, the coherent su-
perposition of virtual Stoner excitations of wave vector q

can produce a collective magnetic excitation of wave
vector q (or spin wave) at low energy. The spin waves

may be observed by means of inelastic neutron scatter-
ing. In regions of energy-momentum space where indi-
vidual Stoner excitations are allowed, the spin wave and
Stoner modes are coupled, so that the former are heavily
damped. ' '

Given that Stoner excitations play such a fundamental
role in understanding both the ground state and magnet-
ic excitations of itinerant-electron magnets, it is clear
that an experimental probe of their excitation spectrum
is desirable. Except in special cases, the range of ener-

gy and momentum occupied by these one-particle excita-
tions makes it very difllcult to study them by neutron
scattering. Inelastic electron scattering has long been
proposed as an alternate technique for studying magnet-
ic excitations, but, until recently, most work has con-
centrated on the investigation of spin waves. It was
thought that scattering from the magnetization density
via the exchange potential would provide suScient cou-
pling between the incident electrons and the spin waves
to allow the detection of the spin waves. Despite con-
certed e8'ort, and the development of very-high-
resolution electron-energy-loss spectroscopy (EELS)
spectrometers, spin waves have never been observed by
inelastic electron scattering.

In 1982, Yin and Tosatti' focused attention, instead,
on the study of Stoner excitations using EELS. In their
model, an electron in the probe beam may scatter
inelastically via the Coulomb interaction with a "target"
electron of opposite spin bound in an occupied state of
the crystal. If the incident electron loses a large fraction
of its energy, it will fall into an unoccupied state just
above the Fermi 1evel and transfer this energy to the
electron of opposite spin. The target electron may now
have enough energy to escape from the solid and be
detected. After this two-particle exchange scattering
event, the crystal is in an excited state which corre-
sponds to a Stoner electron-hole pair of momentum q.
It is important to note, however, that although the inter-
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change of the incident and target electron gives the ap-
pearance of a spin Sip, no electron has undergone a true
reversal of spin. A compilation of these events as a
function of the energy loss and momentum change of the
scattered electron yields the Stoner density of states
weighted by the electron-scattering matrix element.

Since the signature for the Stoner excitations is that
the incident and scattered electrons have opposite spin,
it is necessary to use a spin-polarized incident beam, and
to detect the spin polarization of the scattered beam in
order to isolate the Stoner excitations from the other
possible inelastic scattering processes. The first experi-
ments investigating Stoner excitstions by EELS used ei-
ther a spin-polarized electron source, " or a spin-
polsrizstion detector, ' or neither, ' and argued that
special conditions allowed the identification of the Ston-
er events in the model of Yin and Tosatti. Subsequent
theoretical work by Mills' stressed the importance of
the surface in EELS, and suggested that some experi-
mental results could be understood without recourse to
spin-Qip scattering. Vignale and Singwi' concentrated
on the excitation process in the bulk metal, snd found
qualitative agreement with the experiments. They em-
phasized that, for low-energy electrons, it should be pos-
sible to observe both Stoner excitations and spin waves
for a range of q, even extending to q=0. Recent experi-
ments by Kirschner' and by Kirschner and Suga, ' who
studied an iron crystal using both a source and a detec-
tor of spin-polarized electrons, 6nally provided sn unam-
biguous identification of the spectrum of spin-Hip events.
They also demonstrated the feasibility of momentum-
resolved, of-specular EELS experiments to determine
the Stoner spectrum for Boite wave vector. The results
show that, for o6-specular scattering, the Stoner events
are almost as likely as scattering events not involving an
apparent spin fiip, and that their spectrum is a continu-
um which contains a broad peak centered at a loss ener-

gy of approximately 2 eV. This peak energy is in good
agreement with other measurements of the exchange
splitting in iron.

The present paper gives s fuller account of the spin-
polarized EELS experiments and presents new measure-
ments obtained using a redesigned electron lens system
which provides greater counting rates snd a larger range
of energy loss than in the original measurements. These
improvements have resulted in a more complete data set
and have made it possible to investigate the variation of
the Stoner spectrum with the wave vector q. It is found
that the spectrum for majority-hole-minority-electron
Stoner excitations contains a clear, broad peak due to
excitations within the exchange-split d bands. The
width and energy loss at which this peak occurs are
found to increase with increasing wave vector of excita-
tion. These trends are also seen in the calculated Stoner
density of states for iron. Measurement of this disper-
sion represents significant progress toward a mapping of
the spectrum of single-particle magnetic excitations
within the Stoner continuum. The remainder of the pa-
per is divided into four sections. In Sec. II, a general
description of spin-resolved, two-particle scattering is
presented. This allows the separation of the Stoner exci-

tations from other inelastic scattering channels. In See.
III the experimental apparatus, procedure, and data
reduction are described. The Stoner spectra are ana-
lyzed in See. IV, and the work is summarized in Sec. V.

II. THEORY

In electron-energy-loss spectroscopy, a monoenergetic
beam of electrons of energy E is directed onto a crystal
surface and the scattered electrons are collected and
counted as a function of energy and scattering angle. '

Most electrons are simply transmitted into the crystal
and never reemerge. A few percent are rejected into the
specular beam without loss of energy. A small fraction
are reflected into the specular beam after having caused
some elementary excitation of the solid. These electrons
result in structure in the energy-resolved spectrum of the
scattered electrons, and thus mark the energy of the ex-
citation. This type of scattering occurs principally
through the interaction of the electron with long-range,
dipole electric fields which extend into the vacuum, and
which are generated by surface atom or adsorbate vibra-
tions, plasmons, or electron-hole pairs. This process has
been very successfully described by a djelectric theory of
surface dipole scattering. Since the inelastic scattering
actually occurs in the vacuum region, it is certain that
the incident and scattered electron are one and the same.
Because of this property, dipole scattering is a "direct"
scattering mechanism.

An even smaller fraction of the incident electrons are
scattered snd emerge at sn angle o; to the specular direc-
tion after having caused some elementary excitation
which involves both energy e and crystal momentum q.
If a & s/2E, then the scattering occurs outside the main
lobe of the dipole electric fields, and processes which are
not described by the dielectric theory make a significant
contribution to the total scattering. Electrons may enter
the metal and undergo inelastic scattering through
short-range interactions before elastic scattering from
the ion cores redirects them into the vacuum once again.
This type of short-range scattering is termed "impact"
scattering. Since the emerging electron may or may not
be the same one ss was incident, impact scattering may
be either a direct or an "exchange"-scattering mecha-
nism. ' An approximate theory for direct scattering
from phonons under these circumstances has been dev-
ised, but the excitation of electron-hole pairs is, as of
yet, too complicated to treat quantitatively.

Leaving aside dipole scattering for the moment, the
basic mechanism for the creation of electron-hole pairs
in metals is electron-electron impact scattering via the
screened Coulomb interaction. While the Coulomb in-
teraction is independent of spin, the requirements of Fer-
mi statistics and the presence of exchange-split bands in
ferromagnets make the electron spin an important vari-
able as well. If the incident electron has spin o., and
unit amplitude as an incoming wave in the vacuum, and
the target electron has spin o.„then the amplitude for
the scattering event in which the incident electron
creates an electron-hole pair and then escapes and is
detected, may be denoted f (g, e, q). Here f indi-
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cates that this is direct scattering, and g represents a set
of quantuin numbers which specify the initial and final
states of both electrons. In general, f«(q, c,q,) and

f„(ri,e, q) are not equal since, for exchange-split bands,
a specified set of quantum numbers g will describe al-
lowed eigenstates for only a spin-up target electron or a
spin-down target electron. If, instead, the target elec-
tron escapes and is detected, then the scattering ampli-
tude is denoted g (ri, e,q), where g indicates exchange

scattering. When o, &o„the exchange events lead to a
Anal state in which the electron and the hole remaining
in the metal have opposite spin —a Stoner excitation.
Since the direct and exchange scattering can be dis-
tinguished by the spin of the detected electron, the
scattering amplitudes do not interfere quantum mechani-
cally. %'hen cr; =o.„direct and exchange scattering lead
to indistinguishable Anal states. The amplitudes for
direct and exchange scattering therefore interfere.

The eight possible scattering amplitudes lead to four
measurable scattering intensities, or scattering "chan-
nels. "' Two of these are called "spin-fhp" intensities
since the scattered electron has undergone an exchange
which appears to produce a spin Hip. These are denoted
by the letter F. Two channels are termed "spin-non6ip"
intensities and are denoted by X:

F"(e,q)—electron incident t; electron detected l, (la)

F'(e, q)—electron incident t; electron detected t, (lb)

X'(e, q)—electron incident t; electron detected t, (lc)

N'(e, q)—electron incident l; electron detected l . (ld)

q„=(2mE/fi )'~ (&I e/E sin8——cos8),

q, =(ZmE/iii )' (&I s/E cos8 ——sin8) . (3b)

exchange-scattering amplitudes were the same magni-
tude, then the two Hip intensities would correspond pre-
cisely to the two Stoner densities of states. The nonAip
intensities contain all the direct scattering, some ex-
change scattering, and interference terms between the
two. %hen q=O, then the direct-scattering terms will
also include a large contribution from the dipole scatter-
ing mechanism.

It is clear from the definitions in Eq. (1}that the spin
polarization of the incident and scattered electron beams
must be measured in order to isolate the Nip intensities.
The geometry of an experiment designed to do this is il-
lustrated in the inset in Fig. 1. The x axis is normal to
the sample surface and the z axis is parallel to the major-
ity orientation of the spins in the sample, S, and lies in
the plane of the surface. The xz plane also de6nes the
scattering plane. An electron beam with longitudinal
spin polarization Po is incident at an angle 8 to the x
axis. The electrons scattered through an angle of 90' are
collected and have spin polarization Pf. Elastic scatter-
ing would redirect the incident electrons into the specu-
larly re6ected beam [or a higher-order low-energy elec-
tron difFraction (LEED) beam]. Inelastic scattering will
cause some electrons to emerge at an angle a=28 n/2—
to the specularly scattered beam, where they are detect-
ed. The momentum change necessary to redirect an
electron from the specularly scattered beam into the
inelastically scattered beam is

%hen the experimental conditions are such that spin-
orbit coupling in the metal does not affect the spin polar-
ization of the di8'racted beam, these partial intensities
may be rewritten in terms of the two-particle scattering
amplitudes. Assuming that multiple inelastic scattering
may be neglected,
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Here the sum over g is a multiple sum over electron
states. It effectively sums over allowed electron-hole
pairs of energy F, wave vector q, and the required spin
combination. The Rip intensities contain all, and noth-

in~ but, excitations leading to Stoner electron-hole pairs,
F (e,q) comprising those of minority-hole, rnajority-
electron character, and F'(c,,q) comprising those of
majority-hole„minority-electron character. If all the

FIG. 1. Schematic picture of the apparatus. Electrons with
spin-polarization Po are extracted from a GaAsp cathode and
scattered from the iron crysta1. Electrons scattered by 90' pass
through an energy analyzer and into the spin analyzer. The il-
lustrated electron trajectory is distorted for clarity; in reality
the electrons are directed into the page as they emerge from
the energy analyzer. The inset illustrates details of the scatter-
ing geometry.
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Assuming that multiple inelastic scattering is negligible,
the component q, must be absorbed by an excitation of
the metal, in this case, by the creation of a single
electron-hole pair with momentum q, parallel to the sur-
face. The component of momentum normal to the sur-
face, q, may be provided by an excitation, by the sur-
face itself, or by a combination of the two. Thus, in

principle, the experiment cannot distinguish between the
creation of electron-hole pairs with different q„ if they
have the same total energy and parallel momentum q, .

To separate the diC'erent scattering channels, first con-
sider the simplified case where Pp and 8 are both parallel
to the z axis. Then the z component of the final-state
spin polarization is defined by

(e detected with cr along S)—(e detected with cr opposite S)
(e detected with cr along S)+(e detected with o opposite S)

(4)

where s =+ or —for Pp directed parallel or antiparallel to S. It is also useful to define the "intensity asymmetry, "
A (e, q):

(e detected when Po along S)—(e detected when Po opposite S)
(e detected when Po along S)+(e detected when Po opposite S)

(5)

For the special case of a completely polarized incident
beam,

~ Po,
~

=1, the application of Eq. (1) to these
definitions gives

PI+ =(N' F')l(N'+F—'),
P;, =(N' F') I(N'+—F'),
A =[(N'+F') (N'+F')—]/J,
J =X'+F'+X'+F'

(6a)

(6c)

(6d)

where the explicit dependence on c and q has been
suppressed.

If
~ Po,

~
&1, then the incident beam may be decom-

posed into a spin-up component of intensity (1+Pa, )/2
and a spin-down component of intensity (1 Po, )/2. —
Use of Eqs. (4}-(6)for this composite beam gives

A =
~ P„~ (N'+F' —N' —F')IJ .

PI+ = [(N' F' N'+F')— —

+ i Po, i
(N' F'+N' F')]—/[J(1+ A—)] (7a)

where

p, =[(1+A )PI++(1—A )P~, ]/(2D),

P =[(1+A)P~+ —(1—A)P~, ]/(2 /Po, /D),

%=A/IPo,
I

The absolute intensities are recovered by multiplying by
the measured total intensity of the energy-loss spectrum
at this value of s and q.

For the general case of Pp and the surface normal sub-

tending an angle 0, the full calculation must be per-
formed in the four-dimensional product spin space of the
incident electron and the target electron. In the
present case, this calculation gives precisely Eq. (S} for
the z component of the spin polarization and the intensi-
ty asymmetry, with the understanding that

Pp =Ppslng

Thus the spin-Rip intensity spectra may be obtained
from the experimental EELS spectrum and the spin-
polarization data without making any model-dependent
assumptions. The component of final-state spin polariza-
tion along the surface normal, I'&„ is

( 1+ A )PI+, ———(1—A )Pg„——2
i Po„ i

X/J (10a)

F"/J =(1—p, —p2+p )/43,

F'/J =(1+p, p2 13,)/4, — —

N /J =(1+p)+132+p3)I4,
N'IJ =(1—p)+$2 p3)I4, —

(Sa)

(Sc)

Letting
~
Po,

~

—
~ Po, ~

m Eqs. (7a) and (7b) yields
I'I, . A final correction must be made for the efBciency,
D, of the spin detector. This is accomplished by divid-
ing the left-hand side of Eq. (7a) by D so that the quanti-
ties I'&, represent the measured spin polarization. Then
it is simple to solve for the four normalized scattering in-
tensities

where

X = g «I f*„(g,c,q)[f„(g,c,q)] —g„(g,E, q)]I

+«Ifl, (n e q)[f„(n e q}—gi, (~ e q)]I

This component contains complicated interference terms
between many direct- and exchange-scattering ampli-
tudes. The sum over g makes it impossible to retrieve
any phase information about the individual scattering
amplitudes without a detailed knowledge of the band
structure, wave functions, and scattering matrix ele-
ments.
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III. EXPERIMENT
A. Applratus

The four main components of the apparatus are the
source of spin-polarized electrons, the sample and sam-
ple holder, the electrostatic deAection-energy analyzer,
and the spin-polarization detector. These are i.llustrated
schematically in Fig. 1. The source of spin-polarized
electrons is a single crystal of GaAso 6Po 4(100) which is
illuminated by the light from a HeNe laser. This type of
source has been known for over a decade and its prin-
ciples of operation have been described in detail. '
Briefiy, the photoelectrons created by the laser light re-
sult principally from direct optical transitions between
the valence and conduction bands at the I point of the
Brillouin zone. The photoelectrons do not have
sufficient energy to escape from the crystal, so it is
necessary to lower the work function by depositing cesi-
um on the surface in the presence of oxygen. The crys-
tal then has a negative affinity for electrons of this ener-

gy, and they may be extracted as an external current. If
the light incident on the crystal is circularly polarized,
the dipole selection rule for the relevant optical transi-
tion at I indicates that the photoelectrons have a spin
polarization of 0.5. The contribution from secondary
electrons and other optical transitions reduces the spin
polarization of the total extracted photocurrent.

A Pockels cell is used to switch the laser light between
circular polarizations with positive and negative helicity,
thus modulating the sign of the electron-spin polariza-
tion. A deflection-energy analyzer may be used to pro-
duce a monoenergetic beam of electrons, but this severe-
ly reduces the output current. An alternative method is
to adjust the electron affinity so that only electrons
within a narrow range of energies can escape from the
crystal. In this way, a current of 1.0-25 pA with an
energy width of a few tenths of an eV and a primary en-

ergy of 22 eV can be delivered to the sample. Since the
Stoner spectrum is a continuum, and since the exchange
splitting of the bands in the iron sample is approximate-
ly 2 eV, a more monoenergetic source beam is not essen-
tial. A series of lenses accelerates the longitudinally
spin-polarized photoelectrons and focuses them onto the
sample.

The sample is a single crystal of iron cut to expose the
(110) surface plane. It was cleaned by cycles of sputter-
ing with Kr+ ions, Aashing to -600'C, and occasional
heating in oxygen. Cleanliness was monitored using
Auger-electron analysis. The (110) surface normal and
the (001) axis of easy magnetization correspond to the
x and z directions in the inset of Fig. 1 and define the
scattering plane of the electrons. This geometry has
been chosen to minimize the effects of spin-orbit cou-
pling. Spin-orbit coupling of the electronic states in iron
may cause the electrons scattered elastically from the
surface to be spin polarized, thus mimicking spin-Hip
events due to exchange scattering. Since the scattering
plane is a crystal mirror-symmetry plane, this effect will
not produce an intensity asymmetry. It may, however,
alter the components of the spin polarization of the scat-
tered electron beam in the mirror plane. Because iron
has a rather low atomic number, this latter effect is ex-

pected to be negligible. This is confirmed experimentally
in Sec. IIIB. The sample is bound to a toroidal iron
yoke, which forms the core of a transformer. By passing
a current pulse through the transformer wiring, the sam-
ple can be remenantly magnetized either parallel or anti-
parallel to the [001] direction. The torus forms a closed
circuit for the magnetic Aux lines„so that the low-energy
electron beams are not deAected appreciably by the mag-
netic fields. The angle, I9, between the incident electron
beam and the surface normal may be altered by rotation
of the rotary feedthrough upon which the sample is
mounted.

Electrons which are scattered at right angles to the in-
cident electron beam (independent of 8) enter a trans-
port lens and are focused onto the entrance of a cylindri-
cal mirror deAection-energy analyzer. Those electrons
having a particular kinetic energy form an image on the
exit aperture and pass into the spin-polarization detec-
tor. The energy analyzer Aoats on a bias potential which
is swept so that the electrons with diff'erent kinetic ener-
gies relative to the vacuum will be imaged on the exit slit
in turn, recording a full spectrum as a function of energy
loss.

In the spin-polarization detector, the monoenergetic
electron beam is first accelerated to a kinetic energy of
104.5 eV and then directed normally onto the (001) plane
of a tungsten single crystal. The backscattered electrons
are retarded and strike a channel-plate multiplier. The
amplified current pulses resulting from the electrons
then fall upon a position-sensitive resistance plate, and
the spatial coordinates of each pulse are determined.
The pulses are displayed on an oscilloscope screen, as in-
dicated at the bottom of Fig. 1, resulting in the LEED
pattern from the (001) plane of tungsten. The intensity
scattered into the LEED spots is sensitive to the spin of
the incident electrons because of the eff'ects of spin-orbit
coupling on the reAection coeScj.ent from tungsten. The
tungsten crystal is oriented so that the intensity asym-
metry between the (2,0) and (2,0) spots measures the
component of spin polarization parallel to the initial spin
polarization Po, and the (0,2) and (0,2) spots measure the
component perpendicular to Po, but within the scatter-
ing plane. A simple transformation recovers the com-
ponents along x and z which are required for the
analysis. To collect a spin-polarization distribution,
those counts occurring in windows about the (2,0) family
of LEED spots are recorded as a function of the bias po-
tential applied to the energy analyzer. The electron-
energy-loss spectrum is then given by the sum of all the
counts occuring in the (2,0) family of spots.

A total of 16 spectra must be accumulated to com-
plete a set of measurements at a given scattering angle.
For a given direction of sample magnetization, and for
each of the two signs of Po, the counts in four LEED
spots are recorded simultaneously. These measurements
are interleaved in time by modulating the light helicity
with the Pockels cell. If the spin-polarization detector
had no inherent asymmetry, or "baseline, " then these
data would be sufficient to determine the scattering in-
tensities in the four channels with Eq. (8). In order to
correct for the detector asymmetry, the measurements
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are repeated with the sample magnetization reversed.
Since only a minority of the electrons are scattered into
the (2,0) family of LEED spots in the spin-polarization
detector, the signal levels for these experiments are
much lower than for conventional EELS. As a result,
resolution must be sacrificed. The aperture in the trans-
port lens accepts electrons with trajectories +3.0 from
right-angle scattering (i.e., +1.5' in 8) and the overall
energy resolution of the energy analyzer and the electron
source is 0.4 eV full width at half maximum (FWHM).
Under these conditions, the count rates are -500 cps
per LEED spot, and a complete set of spectra for one
sample magnetization requires 5-6 h. It is therefore im-

portant to work at low pressures ( &10 mbar), and to—10

interrupt the experiment to clean the sample every 2-3
h. The detector crysta1 is cleaned every 20-30 min by
flashing.

8. Data reduction

Measurements were performed at seven angles in the
range 45' g 8 g 70', corresponding to a scattered beam
emerging with 0'pa ~ 50' from the direction of specular
re{lection. Figure 2 presents detailed results for 8=60'.
For this angle, q, = —0.95 A '. The electron-energy-
loss spectrum is shown in Fig. 2(a). It is essentially the

same as that presented earlier by Kirschner, ' except
that it extends down to loss energies of 7 eV. The ex-
istence of a large, disuse, elastic peak indicates the pres-
ence of some surface disorder. This probably results
from the fact that the iron crystal was annealed a
minimal amount after sputtering for fear of bringing im-
purities to the surface. Most importantly, the spec-
trum con6rms the existence of a broad peak at a loss en-

ergy of -2 eV superimposed on a continuum of excita-
tions.

The intensity asymmetry as a function of loss energy
is presented in Fig. 2(b). The left-hand scale is the mea-
sured asymmetry, and the right-hand scale indicates
what the asymmetry would be if

~
Po, ~

were unity. A
peak in the intensity asymmetry coincides with that
which occurs in the energy-loss spectrum. Figure 2(b)
also presents the z components of the spin polarization
P', for P, parallel (s =+) and antiparallel (s = —) tofz Oz

S. The competition between the direct and exchange
scat tering can be followed here as the loss energy
changes. At very low loss energy the states available in

phase space for the creation of electron-hole pairs
shrinks to the Fermi surface as v~0. In the limit of
elastic scattering, no excitations are possible and the ex-
change scattering contribution must vanish. Since only
direct scattering is possible, the initial and final spin po-
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tarizations are approximately the same. Thus the spin
polarization for s = + and s = — at c =0 difkr
electively in sign only. At larger energy loss there is a
dramatic change in P&, as exchange scattering becomes
important. When s = —,most exchange events add an
electron polarized along +z to the scattered beam and
remove one polarized nominally along —z, and the net
spin polarization therefore becomes more positive. On
the other hand, I'&+ changes little since the incoming
electrons already have spins directed nominally along
+z. At even larger values of loss energy, below the ex-
change splitting of -2 eV, P&, becomes more negative
again as the large density of states within the d bands is
no longer available for exchange scattering.

The results in Fig. 2(b) can be used to calibrate
~
Po

~

.
Since F' and F'~0 as a~0, Eq. (8) yield~ p, =p, and

P, = l. These two equations yield the product and quo-
tient of

~
Po

~

and the detector efficiency D, and these
may therefore be determined, in principle, from the mea-
sured spin polarization and intensity asymmetry at c=O.
In reality, the equation for D/~ Po~ involves the quo-
tient of small numbers determined from the difFerence of
large numbers, and is very unstable with respect to small
measurement errors. The second equation is insensitive
to experimental error and yields

[(1+& )Pg+ —(1—A )Pg, ], 0
——2D

~
Po

~

sin8 .

Since the intensity asymmetry at c.=0 is small at a pri-
mary beam energy of 22 eV, it may be neglected in
comparison to unity. Knowing the detector emiciency '

as D = —0.25, it is possible to determine the initial spin
polarization. In the present experiments, the data yield

~
Po

~

=0.20+0.02 after averaging over all angles. This
is much lower than the

~ Po~ =0.35 expected from a
GaAsP source. ' This discrepancy could be due to
sputtering the GaAsP crystal, the use of elliptically (as
opposed to circularly) polarized light, saturation of the
channel plate by the large count rate in the diffuse elas-
tic peak, or contamination of the detector crystal. By
operating the electron source at low current, so that the
channel plates did not saturate in the elastic peak, it was
found that saturation caused the spin polarization to be
slight)y underestimated by a factor which falls within the
2% standard deviation quoted above. An adjustment of
this size has little elect on the subsequent results. The
light polarization and the cleanliness of the detector
crystal were checked and found to be satisfactory. The
low value of the source polarization is therefore attribut-
ed to the effects of saturation and of cleaning the GaAsP
crystal by sputtering and heating. The data have been
analyzed by using the value of

~
Po

~

determined using
Eq. (11) for each data set.

The spin-polarization components along the surface
normal, x, are shown in Fig. 2(c). These are plotted as
(1+A)PI+„and (1—3 )PI„ to allow comparison with Eq.
(10a}. In contrast to the components along z, these do
not show any clear structure. This is to be expected
since they result from the interference of many scatter-
ing amplitudes. The fact that, to a good approximation,
the two curves are equal in magnitude and opposite in

sign, is a con6rmation of the analysis procedure. If it is
assumed that difFuse elastic scattering and specular elas-
tic scattering are affected in the same way by spin-orbit
coupling, then the absence of spin-orbit —coupling effects
in the data can be inferred by comparing the measured
spin polarization at a=0 in Figs. 2(c) and 2(d). In the
present geometry, spin-orbit coupling of the electronic
states of iron may rotate and rescale the spin polariza-
tion of the elastically scattered beam with respect to
Po. The rotation by spin-orbit coupling must be small
since the experimental ratio I'&, /P&„at c=O closely ap-
proximates Po, /I'o„=tan8. The a~erage rotation for the
seven data sets is 58= —2'+2', which is of the order of
the angular resolution of the apparatus. The small size
of the rotation implies an upper limit of a few percent on
the rescaling of the magnitude of the incident spin polar-
ization. This supports the calibration procedure for

~
Po

~

carried out above.
Finally, the relative intensities in the four scattering

channels are shown in Fig. 2(d}. The fbp intensities cor-
respond to Stoner electron-hole pairs. I' '/J corresponds
to majority holes and minority electrons. The curve
shows unambiguously that the broad feature in the
energy-loss spectrum and intensity asymmetry are due to
excitations of this type. The peak occurs because the
Fermi level lies between majority and minority d bands
derived from the same paramagnetic band, and a large
number of electron-hole excitations of the appropriate
spin character are thus possible. The I''/J events, on
the other hand, have a rather flat spectrum. These Ston-
er excitations involve minority holes and majority elec-
trons, and cannot be formed by excitations between
exchange-split bands arising from the same paramagnet-
ic band. They represent, principally, excitations with
holes in d bands and electrons in sp bands. Since the
density of states for sp bands is not localized in energy,
neither is the intensity in this channel.

The nonflip intensities involve both direct and ex-
change scattering between electrons of like spin, as well
as direct scattering between electrons of unlike spin.
The final state in both processes is an electron-hole pair
with like spins. The nonflip intensities are seen to be
generally larger than the flip intensities. This results
from the fact that direct scattering involves a much
smaller energy and momentum transfer than exchange
scattering, and is therefore expected to have a greater
amplitude. Two observations are helpful in understand-
ing some qualitative features of the nonflip intensities.
First, reference to the spin-resolved density of states for
iron shows that there are many more configurations
which have an electron-hole pair within the spin-down
subsystem than there are within the spin-up subsystem.
The scattering amplitudes f», f», and g, „should there-
fore dominate the nonfiip intensities in Eq. (2). Second,
the direct-scattering processes given by the amplitudes

f„and f«differ only in the spin of the states of the in-

coming electron. Since these are direct processes, these
electrons lose only a small fraction of their energy and
reemerge from the crystal. The electronic states at these
high energies (15—22 eV above the Fermi level) are
predominantly sp-like in iron and have a smaller ex-



change splitting than the d bands. -' For the purposes of
a qualitative argument, this exchange splitting may be
neglected. This implies that the two direct-scattering
amplitudes f„and f, should have similar magnitudes.
The similarity of the intensities in the two nonfiip chan-
nels may therefore be seen as a result of the dominance
of these two direct-scattering processes. Since nonAip
exchange scattenng within the spin-down subsystem can
create excitations only via the scattering amplitude g„,
it contributes only to the X'/J channel. This is con-
sistent with the fact that N'/J &N'/J in the energy-loss
range governed by excitations within the d bands. While
these arguments based on the density of states for cer-
tain types of final states are appealing, they take no ac-
count of the effects of interference between direct and in-

terchange scattering. More information is needed to
determine the various contributions to the nonAip inten-
sities with certainty.

Penn has attempted an approximate separation of
the scattering mechanisms by applying a simplified mod-
el to the spin-resolved EELS data published by
Kirschner. ' He comes to conclusions which are in
disagreement with the above interpretation of the spin-
resolved, relative scattering intensities; that is, he con-
cludes that exchange scattering in the sp bands is the
dominant scattering mechanism, and that it is much
larger than both spin-Nip, exchange scattenng in the d
bands and direct scattering. The model Penn has used
for this analysis is based on the same type of assump-
tions as those used for the qualitative discussion in the
present work, but he has taken each assumption a step
further and applied it to a quantitative evaluation. Thus
he assumes that the exchange splitting for the sp bands is
negligible at a/I energies. By using this assumption,
Penn obtains an exact cancellation of terms in the ex-
change scattering in the sp bands, and is able to identify
the exchange scattering in the d-band states near the
Fermi level. However, while the neglect of the exchange
splitting of the sp bands is, perhaps, allowable for the
direct scattering between electronic states of high ener-

gy, spin-polarized band-structure calculations show
that it is not valid when the final states are near the Fer-
mi level, as is the case for exchange scattering. Thus,
Penn's separation of the sp- and d-band contributions to
the exchange scattering is questionable. Next, he as-
sumes that there are no majority d-band states above the
Fermi level. This is correct for a saturated itinerant-
electron ferromagnet, such as nickel, but not for an un-
saturated ferromagnet such as iron. Taken together,
these assumptions are certain to misrepresent the rela-
tive importance of the sp- and d-band exchange scatter-
ing, although it is not clear to what extent the use of a
more realistic band structure would modify Penn's con-
clusions.

There is a further Uncertainty in Penn's analysis. He
has apparently obtained the data he analyzed by digitiz-
ing the curves published in Ref. 16, and this has unfor-
tunately introduced considerable numerical uncertainty.
This uncertainty is compounded when the differences
and ratios of the digitized quantities are formed, and has
lead to the presentation of "data" which is at odds with

the original data. This is most evident in Fig. 3 of Ref.
35. This 6gure shows that the ratio of Aip intensities,
I' '/I' ', is essentially independent of loss energy, whereas
the original data reveal a clear peak in this quantity near
a loss energy of 2 eV. This peak is evident in the present
data as weH [see Fig. 2(e)], where it is even more pro-
nounced. The existence of such a peak proves that Ston-
er excitations are most numerous within a range of ener-

gy loss characteristic of the exchange splitting of the d
bands. This is to be expected, since the density of states
in the d bands is far greater than that in the sp bands.
%'hile Penn has properly brought attention to the possi-
ble importance of free-electron-like Stoner excitations in
ferromagnets, it seems clear that Stoner excitations in
the d bands play the major role in these experiments.

IV. DISCUSSION

A. General

The experimental results are presented in Fig. 3 for
the seven values of 8 that were investigated. The
energy-loss spectra and relative scattering intensities in
all four channels are shown. The interpolating lines are
weighted, cubic splines. The former have been corrected
by a factor of tan(9 to compensate for the variation in
the incident electron fiux and spectrometer acceptance
area as the angle is changed. Before considering a de-
tailed analysis of the Stoner spectra, several aspects of
the data set as a whole deserve comment.

The first point concerns the change in the shape of the
energy-loss spectrum as the angle 9 is increased. In
specular reffection (8=45') the contribution from the di-
pole scattering mechanism is very large, and a pole at
c=0 in the kinematic prefactor in the expression for the
dipole scattering cross section causes the spectrum to
increase monotonically as e decreases. As 8 is increased,
the total cross section falls quickly as the electrons no
longer interact with the dipole lobe of the long-range
electric fields. Since the lobe has an angular width

y =a/2E, this condition is met for diff'erent a=co in the
spectra collected at different values of a=28 —m/2. For
the data taken with 8=47.5' (a=5'), eo ——2.8 eV. Thus
the scattering cross section is greatly reduced close to
the elastic peak, but is reduced less at energies c. » co be-
cause dipole scattering is still effective. This results in a
broad peak in the spectrum at c, -so. The peak moves to
larger energy loss for 8=50' (eo ——5.7 eV), and moves off'

the recorded spectrum for 8» 55'. The very gradual fall
in the energy-loss spectrum which occurs at large loss
energies when 6I»55' is likely due to the transmission
function of the electron lenses. The dependence of the
width of the dipole lobe on loss energy affects even the
specular data. The smallest loss energy which can be
resolved is =0.4 eV, and this corresponds to the value
of eo for the angle a =0.7 . Dipole scattering at greater
angles does not contribute to the cross section at 0.4 eV
loss energy. Since the acceptance angle of the transport
lens is +3 in a, the outer annulus of the specularly scat-
tered electron beam cannot contribute dipole scattering
in this energy range. At energy losses E» 1.6 eV, how-
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ever, dipole scattering from the entire beam can contrib-
ute to the cross section. This creates the small hump in
the spectrum at approximately this en gy.er . In data tak-
en with greater angular resolution, and a smaller pri-
mary beam energy,b rgy

' this hump moves much closer to
in the s ecularthe elastic peak and cannot be resolved in the specu ar

data.
It is also interesting to note the behavior of the inten-

sity asymmetry as a function of the scattering angle. Be-
cause the experiment is spin polarized, the intensity
asymmetry in the Hip and nonAip channels @lone can be
determined in addition to the total intensity asymmetry.
This allows some insight into the physical origin o

' 'n of the

intensity asymt mmetry. Two difFerent mechanisms involv-

ing exchange scattering have been proposed to account
for the asymmetry. Although these proposals re er
s ecifically to experiments involving the scattering ofspeci ca y o
spin-polarized electrons from nic kel " the basic ideas
should apply equally well to the present experiments us-

ing iron.
ecularMills' is particularly interested in the specu ar

scattering geometry, and suggests that, under these con-
ditions, the intensity asymmetry might occur principally
in the nonfiip channels. He proposes an "interference
model" which stresses the role of the surface in EE
In this model, surface dipole scattering is the main
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direct-scattering mechanism„and exchange scattering is
provided by a local exchange potential. He suggests that
the intensity asymmetry would then arise because the
sign of the interference between the direct dipole scatter-
ing and the exchange scattering in the non+i@ channels
of Eqs. (Zc} and (2d} would reverse when Po is reversed.
He argues that Stoner excitations must play an
insignificant role in the specular geometry, since, as in
neutron scattering, the cross section for magnetic excita-
tions near q=O is taken up entirely by spin waves. Vig-
nale and Singwi, ' on the other hand, emphasize the cal-
culation of the excitation cross section in the bulk in
their analysis. They 6nd that the exchange scattering of
electrons is formally identical to neutron scattering only
if the electron momenta are much greater than the Fer-
mi momentum. For small primary momenta, such as
those used in the present experiments, they conclude
that electron scattering can couple to both spin waves
and Stoner excitations near q=o with comparable cross
sections. Using a simplified, rigidly split model of the
electronic bands, they find an intensity asymmetry in the
flip channels due to Stoner excitations at q=O. For ex-
citations of large q, corresponding to nonspecular
scattering, Stoner excitations are found to dominate.

The intensity asymmetries for the present data for an-
gles near specular are presented in Fig. 4. At large an-
gles, the great majority of the intensity asymmetry is in
the Rip channels, and is centered in the energy-loss range
corresponding to electron-hole excitations in the d
bands. There is, therefore, no question that exchange
scattering leading to Stoner electron-hole pairs is the
dominant mechanism at large angles. At smaller angles
(8=45' and 47. 5'), where Mill's arguments apply, the
total intensity asymmetry is 5 or 6 times smaller, and the
intensity asymmetry in the Nip and nonAip channels is
comparable in magnitude. The asymmetry observed in
the nonAip channels in iron may well be due to the in-
terference mechanism proposed by Mills. The data are
suggestive of the following interpretation. As was dis-
cussed in Sec. III, little intensity asymmetry is expected
due to di8'erences in the direct-scattering intensities.
This is especially true at n=O, where dipole scattering
dominates the process. Because of the few unoccupied
states in the majority d bands, it is also expected that the
non6ip exchange-scattering term

~ g„~ —
~ g» ~

will
be negative. The positive nonAip intensity asymmetry at
small angles is therefore likely due to the interference
term, which has been brought into prominence by the
large cross section for dipole scattering at smaH angles.
As the scattering angle increases, the nonAip intensity
asymmetry decreases since the dipole scattering in the
interference term is reduced. The positive nonAip inten-
sity asymmetry persists at large energy loss until 8=55,
since the dipole scattering continues to contribute only
at large loss energies [recall Fig. 3(a)]. In the limit of
8 55', all that remains of the nonQip intensity asym-
metry is a negative contribution centered at an energy
corresponding to excitations within the d bands. This
asymmetry is attributed to the difkrence
~g„~ —~g„~ . With this interpretation in mind, it is

possible to trace the development of this negative peak

through the sequence of nonAip intensity asymmetry
curves for smaller angles.

The intensity asymmetry which appears in the fiip
channels at o;=0 cannot arise from interference effects,
and must represent exchange scattering from magnetic
excitations. Its presence in the specular beam is in
agreement with the conclusion of Vignale and Singwi
that Stoner excitations should have a reasonable cross
section even at q=O (if spin waves were present, the ex-
periment would not be able to resolve them). The flip
intensity asymmetry has a negative sign, as is expected,
but shows little structure at an energy near the exchange

Q= 45O

i -(b)

-.I

KI-
—.2 - O= 475

CO

E NE RGY LOSS (t.V )

FIG. 4. Partial and total intensity asymmetries, corrected
for

~
Po,

~
=1, for the indicated values of 8. X is the nonflip

intensity asymmetry {X'—X')/J; 0 is the fiip intensity asym-
metry (I: ' —E') /J; 6 is the total intensit'y asymmetry
{%'+I''—X' —F')/J. The data close to c.=O for 8=45' and
47.5 are unreliable because of saturation of the electron
counter.
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splitting. This is a consequence of the fact that F'/J
shows no strong peak in Fig. 3 at small angles. This
somewhat surprising result is consistent with previous
studies for specular scattering from iron, ' which also
show a small relative contribution from flip processes at
specular scattering. The statistical noise in the much
larger non6ip channels is probably large enough to hide
structure in the flip channels. In summary, the Ilip and
nonflip intensity asymmetries provide evidence that both
exchange scattering from Stoner excitations, and the in-
terference of direct and exchange scattering, give contri-
butions to the intensity asymmetry in the specular beam.

8. Stoner densities Of states

The partial intensities for flip events are related to the
Stoner densities of states in a complicated way. The
scattering amplitudes g (i),s, q) are dependent on the

l

electron transmission coefBcients at the surface, the
penetration and escape depths of the electrons, and the
matrix elements of the screened, electron-electron
Coulomb interaction. The spin-resolved partial scatter-
ing intensities are given by summing over the many
diferent electron-hole-pair combinations [see Eq. (2)] of
a given total energy and crystal momentum. It is not
surprising that no detailed model for evaluating these
two-particle, exchange, impact scattering intensities in
realistic ferromagnets has yet been developed. To make
some progress in the data analysis, it is customary to as-
sume that the sum over il "averages out" the details of
these processes, and that the most important remaining
determinant of the flip intensity spectrum is the number
of distinct, allowed electron-hole pairs of a given energy,
crystal momentum, and spin combination. This assump-
tion is equivalent to assuming that all the individual
scattering amplitudes are of equal magnitude. Under
this assumption, Eqs. (2a) and (2b) reduce to a simple
counting over allowed electron-hole 6nal-state
configurations; that is, to the Stoner density of states

p (e q), '

p (s,q)=(l/N) g g ln (E„)[1 n(E )]j-
n, m k

Cf)I-
~ 100-
tD
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neutron scattering data. Calculations of the Stoner
density of states for majority holes and minority elec-
trons, p„(e,q), show a strong peak at the energy corre-
sponding to the exchange splitting of the d bands. An
example is shown in Fig. 5(a), for the crystal momentum

q, =0.78 and q, = —0.95 A '. The density-of-states
curve has been con volved with a Gaussian of
F%'8M=0.4 eV to simulate the broadening due to the
limited experimental resolution. The peak is very sug-
gestive of that observed in the experimental partial in-
tensity F'/J appropriate to the creation of this type of
Stoner excitation. The much smaller Stoner density of
states for minority holes and majority electrons, p»(e, q),
is also shown. As expected, the latter does not show the
peak associated with electron-hole pairs within the
exchange-split d bands. This is in agreement with the
small, structureless experimental curves for the partial
intensity F'/J. It therefore seems reasonable to attri-
bute the gross features of the experimental flip intensities
to the Stoner density of states, and to consider the efFects
of the scattering amplitudes as of secondary importance.

In order to try and understand the variation of the
F /J partial intensity with scattering angle 8, p, , (e, q)
was calculated for a sequence of q along a line in re-
ciprocal space given by the momentum difFerence be-
tween the scattered and incident electron beams at the
experimental values of e. Of course, only q, [see Eq.
(3a)] is strictly conserved in the EELS experiments be-

X &(E„(k,~ ) —E (k+q, ~ )+&).

(12)

In this equation, m and n number the electronic bands
which have the spin-dependent dispersion relation
E„(q,a). The Fermi occupation factors n(E) ensure
that the states E„and E are occupied and unoccupied,
respectively.

Calculations of the Stoner densities of states for iron
at zero temperature for various values of q have been
carried out by Cooke, Lynn, and Davis and by Cooke.
These calculations are based on a self-consistent, fer-
romagnetic band, structure presented in Ref. 2, in which
the exchange splitting of each band is dependent upon
both the energy and wave vector. Calculations of' the
spin-wave dispersion using this band structure have been
shown to give excellent agreement with experimental
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FIG. 5. A comparison of the Stoner densities of states and
the measured F'/J. (a) Stoner density of statqs for q, = —0.95„

0

q =0.78 A ', corresponding to a scattering angle 9=60:
p„(c,q) is the majority hole —minority electron, p„(c,q) is the
minority hole —majority electron. (b) Position of the peak in

p»(c, q) ( g ) and the measured I' '/J (0 ). (c) Full width at 0.8
maximum of p„(c,q) ( g ) and the measured I' '/J (C) ). Note
the break in the scale.
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cause the surface breaks the translational symmetry
along the x direction. A better quantity for comparison
to experiment might be the Stoner density of states
p»(s, q, ), which has been integrated over q„. Since cal-
culations of this quantity are not available, q was
chosen according to Eq. (3b), which neglects surface
transmission efFects. The Stoner density-of-states curves
are similar to that in Fig. 5(a) (which corresponds to
8=60'), except that the magnitude, energetic position,
and width of the major peak is dependent on q. The
dispersion of this peak is illustrated in Fig. 5(b), and the
variation of the peak width is shown in Fig. 5(c). The
peak width was measured at 0.8 of the peak height, so
that the measured width would not be afFected by the
"background" of excitations within the sp bands. As ex-
pected, the peak in the Stoner density of states become
broader and moves to larger energy loss as the scattering
angle (i.e., q) is increased. This is because, at small q,
the electron and hole are nearly vertically displaced on
an energy-band diagram. Thus, each pair has a total en-

ergy c. close to the exchange splitting. As q increases,
the electrons and holes are gradually displaced more and
more horizontally on the energy-band diagram, so that
the possible final-state pairs sample both a greater range
of total energy, and, due to dispersion of the bands, a
larger average total energy.

The experimental peak positions and widths for F'/J
are also plotted on Figs. 5(a) and 5(b). Precisely the
same trends are seen. At very small q (8=45' and
47. 5'), no clear peak is evident in I' /J in Fig. 3, even
though the Aip intensity asymmetry in Fig. 4 shows that
a signal for Aip events is present. This is probably be-
cause the Aip events are obscured by the statistical fluc-
tuations of the large number of dipole scattering nonAip
events. At 8&50', a clear peak in F'/J emerges and
disperses to higher energy with increasing 8, This
dispersion is of the correct size and momentum depen-
dence to be associated with the shift in the Stoner densi-
ty of states, and ofFers clear experimental verification of
q-dependent structure in the Stoner continuum of iron.
The experimental peak width also increases, but is al-
ways much greater than that of the peak in the Stoner
density of states. This is consistent with all previous
measurements of the Stoner excitation spectrum in
iron, ' ' nickel, " and spin glasses„' ' and suggests that
the exchange splitting in these materials is less uniform
than that found in the calculations. It may also be that
matrix-element efFects or an integration of the Stoner
density of states over q, might substantially broaden the
peak in the calculation.

These results point out the need for more detailed
theoretical calculations in order that the data can be
more fully understood. An account of matrix-element
efFects in the Horn approximation,

' using a realistic
band structure, with the results summed appropriately
a1ong q normal to the surface, ~ould be a most
worthwhile undertaking.

V. CQNCI. USIGNS

The electron-hole excitations with difFerent spin
configurations have been separated and studied experi-

mentally in iron using spin-resolved EELS. The data
were interpreted using the explicit two-particle scatter-
ing model of Yin and Tosatti, and analyzed in the 4&4
product spin space of the incident and target electrons.
The detection of the energy loss, rnornentum change, and
apparent reversal of spin of a scattered electron indicat-
ed the creation of a Stoner excitation in the metal.
These spin-flip events were found to be very important
in the ofF-specular, impact scattering regime, where they
comprise up to one-third of the total electron-hole exci-
tations and are responsible for the great majority of the
observed intensity asymmetry. They were also detected
under specular and near-specular scattering conditions,
but their relative importance decreases compared to the
strong dipole scattering. The intensity asymmetry of the
specularly scattered beam is made of a portion due to
two-particle exchange scattering, and a portion due to
the interference between direct- and exchange-scattering
amplitudes, as proposed by Mills. The observation of
sizable efFects from exchange, impact scattering at all an-
gles indicates that, despite its theoretical complexity,
this mechanism must be considered in the analysis of
EELS experiments.

Stoner excitations of majority-hole-minority-electron
character (I' ' events) were found to be much more likely
than those of minority-hole-majority-electron character
(I'' events). This difference was especially pronounced
at a loss energy of -2 eV, where a broad peak occurs in
the I partial intensity. These results may be simply in-
terpreted by reference to the Stoner densities of states of
iron. The I'' partial intensity is structureless because
most of the available electron-hole pairs of appropriate
spin are in quickly dispersing sp bands, and it is small
because of the smal1 number of majority electron states
above the Fermi level. The F' partial intensity is larger
because the number of neither electron nor hole states of
appropriate spin is severely restricted. Structure in this
Aip intensity is due to excitations in the Aat, exchange-
split d bands near the Fermi energy, which result in a
prominent peak in the Stoner density of states. At an
energy loss corresponding to this exchange splitting, the
I'' partial intensity is dominated by Stoner excitations
within the d bands.

As the crystal momentum of the Stoner excitation
(i.e., the scattering angle) is increased, the peak in the
I''/J partial intensity becomes broader and shifts to
larger loss energy. These trends are also observed in the
peak in the Stoner density of states for minority-
electron —majority-hole pairs within the d bands. The
present experiments are the first rneasurernent of its
dispersion and represent significant progress toward a

mapping of the spectrum of single-particle magnetic ex-
citations within the Stoner continuum.
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