
The Flinders University of South Australia

ELECTRONIC STRUCTURE OF MATERIALS CENTRE
Electron Momentum Spectroscopy of Solids by the (e,2e) reaction.

Submitted to Conference Proceedings, 17th International Conference on X-Ray and Inner Shell Processes, Hamburg, 9-13th September 1996.

A.S. Kheifets, M. Vos, S.A. Canney, X. Guo, I.E. McCarthy and E. Weigold

ESM-137 August 1996

"0

o§
IS
oo
iS

to;
(O!



Electron momentum spectroscopy of
solids by the (e,2e) reaction

A. S. Kheifets, M. Vos, S. A. Canney, X. Guo, I. E. McCarthy

Electronic Structure of Materials Centre, Faculty of Science and Engineering,
The Flinders University of South Australia, Adelaide 5001, Australia

E. Weigold

Research School of Physical Sciences and Engineering, Institute of Advanced
Studies, Australian National University, Canberra, ACT 0200,Australia.

Recent developments in (e,Se) momentum spectroscopy have re-
sulted in the study of a diverse range of solid targets. These studies
have revealed the electronic structure of solids in much more detail
than was previously available using this technique. A summary of
these results is presented here.

I. INTRODUCTION

The (e,2e) reaction has been used for many years as a probe of target
electronic structure of atoms and molecules [1]. The notation (t,2t) refers to
a process in which an incident electron (energy Et, momentum p0) knocks
out a target electron, with subsequent detection of both outgoing electrons in
time coincidence. After detection of the (e,Se) event, the energies (Ef and E,)
and momenta (pj and p,) of both outgoing electrons are determined. Here
indices /and s specify the faster and the slower of the two outgoing elections,
respectively. The binding energy e and momentum q of the target electron
before the collision are given by the following conservation laws:

= E0-E,-Ef , (1)

Under conditions of a high incident energy and a large momentum transfer

Eo |Po - P/1 > 1 • (2)

the mechanism of an (e,2e) reaction is particularly simple: it is a free electron
binary collision between the projectile and the target electron. We use atomic
units of momentum 1 a.u. = a j 1 in Eq. (2) and throughout the paper. Al-
though the target electron is bound, it can be assigned the attributes of a free
electron, i.e. the energy e and momentum q, with a certain probability p(e, q).
Under this binary collision assumption the (e,2e) cross-section is given by a
simple formula:
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(3)

where the electron-electron factor fte is the Mott cross-section for the free
electron collision, and N is the number of atoms in the target [2]. The spec-
tral, or energy resolved, momentum density p{e,q) gives the probability of
finding an electron with a given energy e and momentum q. It is obvious
therefore that the (e,SeJ technique directly determines the electron distribu-
tion in momentum space in the system of interest, and hence is commonly
referred to as electron momentum spectroscopy (EMS). In solids it allows
to find the dispersion relation between the electron energy and momentum
e — Ej (q) in a particular energy band j .

Angle-resolved photoelectron spectroscopy (ARPES) is another experimen-
tal technique which is able to map the energy-momentum relation in solids,
see for example Courths and Hufner [3]. Although this technique has been
very successful and widely used, the theoretical understanding of the inten-
sities of the observed peaks is far from complete. This occurs because the
interaction processes are very complicated, involving a many-body problem
in the initial and final states. Hence it is not straightforward to measure the
momentum densities of the electrons using ARPES.

A technique that does enable the measurement of momentum densities is
Compton scattering (see for example Cooper [4] for a review). This technique
probes the target electrons with high energy photons. A measurement of
the total momentum density of all target electrons integrated over a plane
perpendicular to the scattering vector is obtained. Thus only a projection of
the momentum is obtained, information about the energy is not resolved.

The application of EMS to solids has been restricted, largely due to the
complications which arise from the higher atomic densities. Both the incoming
and outgoing electrons can undergo additional scattering other than the (e,2e)
event itself. For solids one is also required to use a transmission mode in order
to access all possible values of the momentum q. In order to obtain detailed
information on the electronic structure of the target, high coincidence count
rates and good energy and momentum resolutions are required. The early
(e,2e) experiments on solids [2,5,6] were unable to resolve any valence band
structure because of poor energy resolution. It was not until the experiments
of Ritter ti al. [7], where the energy resolution had improved to 6 eV, that
structure in the valence bands could be resolved. However these experiments
were still very restricted by coincidence rates and energy and momentum
resolutions.

Significant progress in the (e,2e) experiments on solids was achieved by
the Flinders University group. The major difficulties involved in the mea-
surements of solids were successfully overcome by utilising multi-parameter
detection techniques and an improvement to the energy resolution [8]. A par-
allel development in theory based on the density-functional approach allowed
to calculate energy-resolved electron momentum densities for a large num-



ber of crystalline and disordered materials [9,10]. This served as a basis for
understanding and interpreting a vast amount of experimental data [11-14].

Very recently a further improvement in energy resolution down to less than
1 eV was achieved by the Flinders group [15]. Target preparation technique
was also developed to a stage where monocrystalline targets became available
for (t,2e) transmission experiments. On the theoretical side, a much better
understanding of the multiple scattering was achieved by Monte-Carlo sim-
ulations of the experimental process which accounted for additional electron
collisions other than the (e,2e) collision [16]. In addition, the finite life time
effects due to many-electron correlations in the ionized system were also in-
cluded into the model. As a result of these developments in experiment and
theory a quantitative EMS spectroscopy of solids became a possibility for
the first time. In a very recent EMS study on aluminum a total agreement
has been identified between the experimental results and theoretical calcu-
lations for the entire electronic structure (energy, momentum and intensity
altogether) [17].

It is the purpose of this paper to give an overview of these latest achieve-
ments in the experiment and theory of the (t,2t) on solids. We concentrate
primarily on the results of the Flinders group. In addition, we mention briefly
recent work done elsewhere on the reflection type (e,2e).

II. EXPERIMENTAL TECHNIQUE

The asymmetric non-coplanar (e,2e) reaction is utilized for the EMS in
transmission mode. During a typical (e,2e) experiment on valence electrons
the incident energy is 20 keV, with the energy of the fast electron nominally
18.8 keV and the energy of the slow electron about 1.2 keV. Constant polar
angles of 14° and 76° degrees are used for the detection of the fast and slow
electron respectively. This kinematical arrangement is shown in Fig. 1.

(a)

FIG. 1. (a) Kinematics for a transmission (e,2e) experiment. A range of outgoing
azimuthal angles are highlighted to show how different target electron momenta can
be measured, (b) An illustration of the surface that is studied in a transmission
(e,2e) measurement on a thin film. The depth that is probed depends on the energy
of Lite electrons and the angle of the target. This depth is dominated l>y the energy
of the slowest electron that is detected.
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With this geometry the measured momentum q for a coplanar event, i.e.
one with all three momentum vectors in the same plane, is zero. A range
of azimuthal (out of the plane) angles are measured simultaneously by both
detectors. The fast electron is detected in a hemispherical analyser whilst
a toroidal analyser detects the slow electron. Each electron analyser has a
two-dimensional position-sensitive detector mounted at its exit, enabling a
range of target electron binding energies e and momenta q to be measured
simultaneously. This is a major advantage as it greatly improves the (e,2e)
coincidence rate.

Experiments have been proposed and attempted using diffracted beams in
reflection from a solid surface. This experimental arrangement is much more
advantageous for surface studies and does not require an elaborate and time-
consuming preparation of a free-standing thin film. Recently Iacobucci et al
have reported some (e,2e) measurements at 300eV incident beam energy in
a grazing angle reflection geometry [19]. Schematic representation of these
experiments is shown in Fig. 2. These measurements from a graphite surface
are the first successful grazing incidence measurements to be reported and they
establish the feasibility of this technique. The reaction in these measurements
occurs between an incident beam electron that is specularly reflected from the
graphite surface and the tareet electron.

FIG. 2. Kinematics for a grazing angle reflection (e,2e) experiment. Arrows indi-
cate incident (o), scatters (s) and ejected (e) electrons. The shaded area shows the
acceptance range of the ejected electron momenta

Analogous reflection type experiments wore reported by Kirschncr el at.
in the backseattering geometry [20]. They used low energy (14-25 eV) elec-
trons and time-of-flight measuring technique. Correlated electron pairs were
detected from a single crystal W(100) and a thin film LiF. As compared
to the higher energy (e,2e) experiments, interpretation of these low energy
measurements is less straightforward and requires an elaborate model for the
scattering dynamics.



III. THEORETICAL MODEL

The spectral momentum density (SMD) entering Eq. (3) is defined accord-
ing to [2] as

(4)

Here \N,0) and \N— I, a) are the many-electron wave functions of the ground
and ionized states of the crystal, respectively, and \q) is the normalised plane
wave. Summation is carried over the all final states a of the ionized system.

In the independent particle approximation Eq. (4) simplifies to

(5)

where we specify a one-electron state ^ v by the band index j and crystal
momentum fc. The spatial integration in Eq. (5) is performed over the crys-
tal volume. Using the Bloch theorem it can be reduced to the unit cell ft
transforming Eq. (4) to

G.kei" BZ
J . (6)

Here the electron momentum q is translated to the first Brillouin zone by the
reciprocal lattice vector G.

To calculate the one electron wavefunctions V"i fc (»*) ar>d o n e electron energies
Ej(k) one has to perform a band structure calculation on the material of
interest. The calculations reported in [9-14] relied on the linear muffin-tin
orbital (LMTO) method as described by Skriver [21]. It is convenient to make
an atomic sphere approximation and substitute the unit cell with a number
of atomic spheres each of which represents a non-equivalent atomic position.
The total volume of the spheres is equated to the volume of the unit cell:

(7)

where a, is the muffin-tin (MT) radius of a sphere at site s.
The electron potential is spherically symmetric within the spheres. The

tails of the LMTO orbitals outside the spheres are chosen to have zero kinetic
energy. The Bloch sum of the tails is canceled within the spheres. So the
one-electron wave function within any particular sphere centered at R, can
be written as

- R.) = r> = |r - R.\ < a, . (8)
lm

Here k is the crystal wave vector, j is the band index, Yjm is the spherical
harmonics depending on the orbital momentum / and its projection 77i. The
expansion coefficients frj,m for a given MT sphere s are found by solving
the LMTO eigenvalue problem. The radial part of the wave function P,i(r)
depends on the type of atom at site 5 and the orbital momentum/ but does not
depend on fc and j which increases significantly the computational efficiency
of the LMTO method.

By taking advantage of the central-field expansion (8) the SMD can be
readily calculated as

Gk

Y,m(*)
Im

(9)

where j/(qr) is the spherical Bessel function.
The finite experimental energy resolution can be easily incorporated into

the model by substituting the 6-function of energy entering Eqs. (6,9) with a
normalised Gaussian function 6e~lr[(( — Ej(k)/St] , where 6e = (81n2)~'/2

FWHM.
In practice it is of interest to calculate the SMD either in a particular

direction (q = qe, e is the unit vector) or as a spherical average (|q| = q) over
the irreducible wedge of the Brillouin zone. These two type of calculations
refer to either a crystalline oriented target, or a polycrystalline disordered
target, respectively. In both cases the momentum depnedance is reduced to
a single scalar variable q and the momentum broadening can be induced by a
Gaussian convolution with the experimental momentum width.

Besides the instrumental effects, an additional energy broadening can be
caused by the finite life time of the hole created by the (e,Se) event. This
effect can be described if instead of Eq. (5) we use a more general expression:

Pj(t,q) = K^l^jk)! Im C»;k(c) i (10)

where the retarded, or one-hole, Green's function Gj^{e) describes the final
state of the ionized system after removing an electron with the crystal mo-
mentum fc from the band j . The Green's function can be presented as

\ - i (11)

where 7(e) is inverse lifetime of the hole. To calculate j from the first prin-
ciples one has to use a realistic model of the screening and relaxation caused
by ionization. Alternatively, one can use Eq. (11) with an empirical depen-
dence j(e) obtained from independent experiments, i.e. from angular resolved
photoemission.

The results of the previously described LMTO calculations would describe
(I.f , ^ . . , ~ . : . • i i. i.. -r . it ' « '
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or inelastic scattering of either the incoming or both outgoing electrons do
not occur. The Monte-Carlo simulation gives an estimate of the rate at which
certain momentum transfer (elastic scattering) and energy loss (inelastic scat-
tering) combinations occur and how this in turn effects our measured spectra.
For a detailed description of the Monte-Carlo procedure as previously applied
to (e,2e) spectroscopy of solids see Vos and Bottema [16].

The simulation involves the inclusion of both elastic and inelastic scattering
events for any of the incident and two ougoing electrons. The depth t at which
an (e,2e) event occurs is determined by a random number generator. One. then
needs to simulate each of the three trajectories for electrons with energy EQ,
EJ and Es and trajectory length to, t] and ts. For elastic scattering the
cross-sections are calculated in the Born approximation from actual Hartree-
Fock wavefunctions of the free atoms constituting the solid. For inelastic
scattering only bulk plasmon excitations are considered. It is assumed that
the plasmon distribution is Gaussian, centered at some mean plasmon energy.
From these parameters the elastic and inelastic mean free paths for each of the
three electrons involved are determined. In the simulation the probabilities of
distances between subsequent elastic and inelastic scattering events vary as a
Poisson distribution characterised by the mean free path. If the distance for
elastic or inelastic scattering obtained from the distribution is smaller than
the depth t, a contribution is made to the energy-resolved momentum density.

IV. RESULTS

A. Aluminum

Aluminum being a nearly free-electron metal, has a band structure that is
well understood. Hence the agreement reached between the experiment and
theory provides an excellent insight into the current understanding of (e,2c)
of solids [17].

The energy-resolved momentum density for a polycrystalline aluminum film
is shown in Fig. 3 (a). In this plot the dispersion curve for the valence
band clearly stands out above the background. The densities are represented
as a linear grey scale image, the lightest scale corresponding to the highest
intensity. The dispersion curve looks very similar to a free-electron parabola
as was expected for metallic aluminum. The parabola extends from 4 eV
binding energy at. the top, down to 16 eV at the bottom. It should be noted
that the experimental binding energies are referenced to the vacuum level.
The Fermi level corresponds to 4 ± 0.5 eV binding energy in the experiment.
The measured bandwidth of 12 eV is close to that calculated for aluminum
using the LMTO method (11.5 eV). The band is occupied in momentum space
between approximately ± 1.0 a.u. which compares well with the known Fermi
momentum of aluminum ;>/••= 0.92 a.u. [18]

Tln> t'licruv-rosolvtMl oloctron momentum density of tho LMTO calculation

S

is presented in Fig. 3 (b). This calculation has been convoluted with ar
instrumental width of 1.0 eV to match the measured energy resolution of tlv
(e,2t) experiment. The experiment also had a finite momentum resolution
which was determined by the angular resolution of each of the three electron
beams and to be estimated as 0.1 a.u.

An account has also been taken of an additional energy broadening caused
by the finite lifetime of the hole left behind by the ejected electron. Levinson
ei al. [22] measured the inverse lifetimes in their angle-resolved photemission
experiments on aluminum. These data have been used to obtain the function
y(e) entering Eq. (11) which induced the Lorentzian-type broadening.

High

-1.5 1.5 3-3 -1.5 0 1.5
Momentum (a u)

3-3 -1.5 1.5 3 Low

F I G . 3. Energy-resolved momentum density for the (e,2e) measurement of alu-
minum (a), and as calculated using the LMTO method convoluted with Gau.v
sians representing the finite experimental energy and momentum resolutions and
a Lorentzian taking into account energy broadening clue to finite life-time effects
(b), and as simulated using the Monte-Carlo procedure taking the LMTO calcu-
lated momentum density as input (c).

The effects of elastic and inelastic scattering on the energy-resolved momen-
tum density was investigated using the Monte-Carlo procedure. The Montt-
Carlo results are shown in Fig. 3 (c). The binding energy scale of the plots of
Fig. 3 ranges from 0 to 50 eV so that a discussion on the multiple scattering
events can also be made. Qualitative improvement of the agreement between
theory and experiment is obtained after inclusion of the Monte-Carlo simu-
lation. The valence band of the measurement is simulated very well. There
is extra intensity inside and outside the valence band from the Monte-Carlo
simulation that is not seen in the LMTO calculation. In the (e,2e) measure-



ment the plasmon dispersion of aluminum can clearly be seen. The plasmon
dispersion is a replica of the aluminum valence band shifted to 15 eV lower
binding energy, i.e. inelastic scattering resulting in energy loss. The Monte-
Carlo simulation also predicts this plasmon dispersion, however the intensity
of the plasmon distribution is not as high as the measurement. Also the plas-
mon distribution from the experiment appears to be "filled in" and this is
not seen in the Monte-Carlo simulation. The Monte-Carlo simulation does
predict a plasmon distribution of double excitation, i.e. 30 eV energy loss.

-? -l.S -1 -0.5 0 0.5 1 1.5 I -2 -1.5 -1 -0.5 0
Momentum (i.u.)

FIG. 4. The momentum profiles of the measured aluminum sample for a series
of energies are shown with error bars in each panel. Also shown is the LMTO
calculation (solid lines) with a Gaussian convolution with 1 eV energy resolution,
0.1 a. u. momentum resolution, and Lorentzian broadening due to the finite lifetime
effect. The dashed lines show the above LMTO calculation with the Monte-Carlo
simulation

For a quantitative study, that is the determination of the energy-momentum
position of the electrons and the relative intensities, a more thorough analysis
is required. For this purpose a series of momentum profiles is constructed by
taking slices through the valence band region (width of slices are 1 eV) with
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the centre of those slices being the binding energy indicated.'The experimen-
tal momentum profiles are shown (with error bars) in Fig. 4. From these plots
one can see two distinct peaks at the top of the band (4 eV) which are sym-
metric around zero momentum. As the energy increases these peaks disperse
inwards, i.e. towards zero momentum, finally forming one peak centered at
zero momentum at the bottom of the band (16 eV).

The momentum profiles for the LMTO calculation are shown as solid lines
in Fig. 4. The agreement between the experiment and the LMTO calculation
is excellent. The Monte-Carlo simulation is shown in Fig. 4 by dashed lines.
It is clear that the Monte-Carlo simulation has significantly increased the in-
tensity between the two peaks, i.e. where the LMTO predicted zero intensity.
The mechanism responsible for this is elastic scattering. Up until 12 eV the
final agreement is excellent. After 12 eV the peak intensities themselves are in
very good agreement although the measurement shows intensity at higher mo-
mentum that is not predicted in either of the theoretical models. This excess
intensity is most likely a result of inelastic processes that are not accounted
for in the Monte-Carlo procedure. These processes include surface plasmon
excitation and the effects of momentum transfer during plasmon excitation
and single electron excitations.

B. Natural graphite

The (e,Se) experiment on natural graphite [23] is the first reported EMS
measurement on a single crystal target with a thoroughly controlled orienta-
tion and fairly well understood electronic structure. Hence it has a potential
of creating a 3D momentum density map complementary to the charge density
distribution in coordinate space.

Binding
Er^rgy
rel.to
vacuum I

0 2

Momentum (a.u.)

FIG. 5. (a) Brillouin zone of graphite (upper half ). Distances from the zone centre
F are indicated in atomic units, (b). Experimental spectral momentum density in
FM and FK directions
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Graphite is a layered compound with strong covalent bonding in the plane
and weak van der Waals bonding in between the planes. Large distance be-
tween the planes results in a quasi two-dimensional energy-band structure
with three of the carbon valence electrons in dispersing a bands and one elec-
tron occupying a weakly-dispersing x band. The orientation of the n bonding
is such that its electrons have maximum momentum density along the C-axis
and zero momentum density in the basal plane. The cr bands have non-zero
densities in the basal plane.

The energy-resolved momentum density of graphite in the basal plane along
the two high-symmetry directions FK and FM, indicated in Fig. 5 (a), is
represented in Fig. 5 (b). As expected, only the <r-band contribution can be
seen in these directions. Near the bottom of the valence band dispersion is
parabolic. At larger momenta the anisotropy is clearly seen as predicted by
the LMTO calculation of Ref. [101.
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FIG. C. Spectral momentum density of natural graphite in various out-of-plane
directions. Experiment (a), LMTO calculation (b) and the Brillouin zone scheme
illustrating electron momentum components (c).
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The out-of-plane SMD of graphite is shown in several panels of Fig. (6).
The kinematic arrangement of the experiment is such that one component of
the valence electron momentum qy can be varied continuously whereas the
others qx and qz are locked by the position of the slow electron detector. Sev-
eral panels of Fig. (6) corresponds to various combinations of qx, qz indicated
on the Brillouin zone scheme (c). When qt — 0 (second top panel) the contri-
bution from the ?r band is absent as expected. As \qt\ is increasing the ir band
intensity is increasing as well. This behaviour is in a very good agreement
with the LMTO calculation shown in Fig. (6) (b). Somewhat larger energy
broadening in the experiment, especially near the bottom of the valence band,
can be attributed to the finite lifetime effects which are not included in the
calculation.

An additional information about momentum densities in graphite can be
extracted from the reflection (e,Se) measurements [19]. At the present stage
the slow electron momentum is not fully resolved in this experiment. So
the SMD integrated over the acceptance range of the slow electron momenta
is measured. This partly integrated SMD is presented in Fig. (7) together
with the LMTO calculation. Some distinctive features of the experiment
(total width of the spectrum, relative intensity of the a and x peaks) are in
agreement with theory. However, some part of the experimental spectrum is
absent in the calculation. This can be explained by a more complex scattering
dynamics not accounted for by the model. A more definite conclusion can be
made when a fully resolved (e,Se) spectra are detected. This work is now in
progress [24].

Binding energy (sV)

FIG. 7. Partly integrated SMD from the highly oriented pyrolytic graphite
(HOPG). Reflection (e,Se) measurement from the basal plane (error bars), and the
LMTO calculation averaged between FM and FK basl plane directions (solid line).
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C. Aluminum oxide

Aluminum oxide is the most complicated target studied so far by the EMS
[25]. In its trigonal form a—AI2O3 has a unit cell comprising 10 non-equivalent
atomic positions which result in an unusually complex pattern of the valence
energy bands.

Fig. 3 represents the measured spectral momentum density for the alu-
minum oxide polycrystalline sample (left panel) and the LMTO calculation
of a spherically averaged a - AI2O3 (right panel), respectively. Aluminum
oxide has two distinct features in its valence band structure namely an upper
valence band and a lower valence band. A previous (e, 2e) experiment [26]
on an aluminum-aluminum oxide thin foil with an energy resolution of 4.5 eV
reported dispersionless structures in both the upper and lower valence band.
This is manifestly not the case in the present experiment. The present mea-
sured spectral momentum density plot shows a "dual parabola" dispersion
pattern spanning 8 eV in the upper valence band (Fig. 5 left panel). The
LMTO calculation shows a similar "dual parabola" dispersion pattern with
nearly the same energy span. Near zero momentum both the EMS measure-
ment and the LMTO calculation exhibit lower intensity throughout the upper
valence band.

(«, 29) measurement

oxidized 15 nmAI

LMTO calculation

a.-AljO, Max

-3 -1.5 1.5 3-3 -1.5 0

Momentum (a.u.)

Mln

FIG. 8. Spectral momentum density in corundum for various directions

There is a gap between the upper valence band and lower valence band. The
EMS measurement and the LMTO calculation give nearly the same gap. In
the lower valence band, the LMTO calculation indicates a dispersion of about
5 eV. The EMS measurement shows a similar "bowl" shape in the spectral
momentum density (the full width of momentum distribution becoming nar-
rower with increasing binHinn- "nrrtrv in the lower valence band} but it shows

u
less dispersion. Nevertheless, one can see that the measured major feature:
in the valence band of aluminum oxide are qualitatively reproduced by thi
LMTO calculation.

In addition to the valence band EMS, an important structural informatioi
can be obtained from the core atom-like states. These experiments are simila
to the well-established technique of the electron spectroscopy for chemica
analysis (ESCA) except that an extra variable (electron momentum) become'
available.

a) b ) c )

84 88 92 96 72 76 80 64 SB 92 96

Binding energy (eV)
72 76 M 84 88 92 96

FIG. 9. Core level spectra of the aluminum 2p state for (a) evaporated aluminum
(b) aluminum exposed to oxygen, and (c) oxidised aluminum

An example of the EMS of the 2p core-level region of aluminum is showi
in Fig. 9. For the evaporated aluminum a 2p core level is evident at a bindin;
energy of 77 eV relative to the vacuum level, associated with (his aluminun
peak is a plasmon peak at 92 eV and a surface plasmon peak around 8,
eV.Evidence of the surface plasmon peak indicates that the evaporated sampl
is not contaminated by oxygen. After exposing the aluminum film to oxygei
a second peak appears, shifted by 2.6 eV to higher binding energy. This pea!
can be attributed to a chemical shift which arises when the surface become
oxidized. When the aluminum film is fully oxidised there is no evidence of ai
aluminum 2p peak, instead the spectrum consists of a single core level peal
of A12O3.

V. CONCLUSION AND FUTURE DIRECTIONS

We have shown that EMS of solids has past its demonstrating phase an<
is now capable of producing quantitative data on energy-resolved momentun
densities of solids. A considerable amount of research is to be done and it i
likely that this technique will be making significant and interesting contribu
tions for some years to come. As an immediate task we consider the 3D elec
Iron momentum mnppirnr in sinelp crystals fprapliitp. sili<-nn^ W» nUn ntm
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experiments on polycrystalline films of 3d transition metals (Ni, Fe, Cu) and
their oxides which show very strong many-electron correlation. Understand-
ing and interpreting of these experiments will require further development of
theory which should go beyond an independent particle approximation.
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