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We present (e,2e) data of a graphitic carbon film over a large energy range ( from 0 to 330 eV binding
energy). This range contains both the valence band and the C Is core level. Below the valence band there is
always intensity, due to inelastic scattering effects. We discuss the momentum characteristics of this
background. Finally we compare the intensity-ratio of the valence band features and the core level with the
theoretically calculated one.

1. INTRODUCTION

In an (e,2c) experiment an incoming energetic
electron (energy Eo. momentum p0 ) collides with
an electron of the target. Due to the energy
transfer in the collision this electron is ejected. In
these experiments one measures the ejected and
scattered electron in coincidence, using analysers
that resolve both electron energy and momentum.

For these coincidence events we can infer the
binding energy of the ejected electron before the
collision:

f
Here the subscripts s and/ refer to the faster and
the slower electron measured in coincidence. In
the case of high energies (> 1 keV) the incoming
and outgoing electron wavefunctions can be
approximated by plane waves and the momentum
of the ejected electron before the collision q
follows from momentum conservation:

1 = Ps + P/-Po
For large momentum transfer in the collision

(he measured intensity /(£,?) is proportional to

!<!>(£, 9)f, the square of the modulus of the
wavefunction in momentum space. This technique
has been widely applied to atoms and molecules
[I]. In that case one can measure the momentum
distribution in each of the discrete orbitals.

For (c,2c) experiments of solids we should be
somewhat more cautious. There is a significant
chance that one of the electrons undergoes
additional clastic or inelastic scattering events.
(Elastic scattering is caused by deflection of Ihe

electron from a nucleus, leaving its kinetic energy
virtually unchanged. Inelastic scattering is mainly
due to plasmon excitation, and has only a minor
influence on Ihe momentum of the electron).
Only if one has a way of correcting for these
effects, one can compare the corrected measured
intensity l(e.q) to [0(£,«)|2.
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Figure 1. Sample configuration in a transmission
(e,2e) experiment.

For solids one can measure the spectral
momentum density (i.e. the dispersion relation and
Ihe intensity) of the valence band. The first
reported results of a momentum density of a solid
was Ihe C Is level in a carbon film [2,3]. This
measurement had rather poor energy resolution
(90 eV) and was just able to separate the core



level from the valence band contribution.
Nevertheless a good agreement was obtained
between the theoretical and measured momentum
profile.

Since then there has been significant advances in
spectrometer development [4]. In the present
spectrometer one measures a range of angles and
energies simultaneously in each detector. In this
way one can improve the energy and momentum
resolution of these coincidence experiments,
within the total data acquisition time of a few
days. The measurements presented here have an
energy resolution of l.S eV and a momentum
resolution of 0.1S atomic units (a.u.) (1 a.u of
momentum corresponds to 1.89 A'1).

From the nature of momentum conservation it

follows that, if one wants to determine |0(£.9) |
for all values of q (including q = 0), one has to
use a transmission geometry (fig. 1). In the
present spectrometer an asymmetric geometry was
chosen, with an incoming energy of
approximately 20 keV and oulgoing electrons
detected at an energy around \2 keV in an toroidal
shaped analyser (slow electrons) and electrons at
18.8 keV in an hemispherical analyser (fast
electrons). Each detector measures electrons

- emerging over pan of a cone around the incoming
beam. In this way we can determine q over a
range from -3.S to 3.5 a.u. directed approximately
along the y axis of fig.I.

In this experiment we studied a thin amorphous
carbon film, that was annealed in situ. This
causes the carbon to rccrystallize in a graphitic
form and the valence band results show
quantitatively the dispersive nature of the valence
band [5]. This type of measurements is clearly the
main aim of this apparatus. However there is a
measured intensity below the bottom of the
valence band as well. This is due to additional
energy losses, mainly plasmon excitations of the
incoming and/or outgoing electrons. In this
paper we focus on the intensity away from the
valence band region.

2. EXPERIMENTAL RESULTS
2.1. Energy loss measurements

At the energies of the incoming and
outgoing electrons there is a significant chance
that, besides the (e.2e) event, there will be one or
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Figure 2. Energy loss spectra of the slow and
fast electrons

more additional interactions of these electrons
with the solid. An impression of the probability
of additional energy losses can be obtained if one
uses the spectrometer for Electron Energy Loss
Spectroscopy (EELS). In that case one luncs the
incoming beam energy to values close to energy
of one of the analysers.

For the toroidal analyser, positioned at 76°
with respect to the incoming beam, we measured
electrons scattered clastically over this angle.
These measurements are shown in Fig. 2.



There is a sharp peak in (his spectra for the energy
of the incoming electrons equal to the detected
ones. These electrons have been scattered
clastically Tram the atom cores only. However
there is also a large intensity of electrons that have
lost energy mainly due to plasmon excitations.
Clearly these electrons arc in the majority, i.e. the
chance that a 1.2 IceV electron is transmitted
through a 60 A thick Carbon film without any
energy loss is small.

In the lower pan we show the result of a
similar measurement for the hemispherical
analyser. Now the area of the zero loss peak is of
the same order as the rest of the spectrum, i.e. an
18.8 keV (and similarly a 20 keV) electron has a
significant chance of traversing the film without
energy losses.

2.2. (e,2e) measurements

If we operate our spectrometer in the (c,2c)
mode we tune the incoming beam to 20 keV and
measure the coincidence count rate. This is
proportional to the number of electrons near the
Fermi level. Our spectrometer measures
simultaneously different angles. Different angles
correspond to different ps and pf from which we
can infer the different q values. By increasing the
energy of the incoming beam we can measure the
electrons with larger binding energy. For more
details see [4].

Normally we would focus on energy ranges near
the Fermi level to study the valence band
electronic structure [5,6]. Here we made a scan
over a wider region, from above the Fermi level
down to 330 eV (Figure 3). Unfortunately it is
only possible to determine the intensity over a
ISO cV range at a time, because of limitations in
the scanning power supply. Also the beam
current (and hence the measured intensity, as we
measure each energy for equal amount of time)
varies slightly with incoming energy. The wide
scan is obtained from three different individual
scans with a fair overlap. The ranges of each of
the three scans are indicated in fig. 3. The
intensity of each scan is normalised so the

overlapping pans of the scans have equal
intensity. Also there has been approximate
corrections made for the beam current variations.
Systematic errors estimated to these corrections are
not more than 10 %.

Binding energies are referred to the vacuum
level, the Fermi level of the solid turns out to be
approximately 4.5 eV below this level. The
valence band of carbon extends over 21 eV [6], i.e.
down to 26 eV binding energy. Clearly there is
intensity left at larger binding energies. This is
due to (e,2e) events in which one of the electrons
involved has been exposed to additional energy
losses, such as plasmon excitation.

This is a major difference between (e,2e)
spectroscopy on gases and solids. In the former
case the density of gases in the interaction region
is so small that the chance that, besides the (e,2e)
event, there is additional interaction with the gas
molecules is negligibly small. Still there is
often intensity observed away from the orbital
energies as calculated in a single particle
approximation. This intensity can be understood
in terms of many body effects causing satellites
away from the main line. For more details see
[1]. This type of satellites is expected in solids as
well, but it has not been possible to date to
separate this from the major intensity related to
additional energy-loss processes.

The carbon Is core level is visible in this
plot as well. It has an intensity that is much
smaller than the valence band features. This is
completely different from the intensity ratio in
photo-emission experiments. In photo-emission
experiments the intensity is determined by matrix
elements, favouring the core levels. In (e,2e)
spectroscopy the intensity is simply proportional

to |0(£.9)j • There are only two Is electrons
and four valence band electrons. More
importantly the inner orbitals have more kinetic
energy, the wavefunction in momentum space is
more spread out, and as a consequence the
intensity at specific q values lower. Thus the
intensity of the core level is less than the valence
band features for both reasons.
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Figure 3. The (e,2e) intensity over a large binding energy range for a thin carbon Toil. Both the
valence band (v.b.) and Is core level features are visible. The top half is the intensity as predicted
by theory. The bottom half is the experimental intensity. The solid line in the bottom half is
the estimated valence band intensity with the inelastic loss contribution removed. All intensities
are obtained by integrating over a momentum range from -3 to 3 atomic units.

In figure 3 we also plot a theoretical estimate
of the intensity, using calculated wavefunctions,
but not including inelastic energy loss processes.
Both the core and valence wavefunctions arc
calculated simultaneously within the same
computer code based on the linear muffin-tin
orbital (LMTO) method [8]. The atomic sphere
parameters and basis vectors used in the alculation
are presented in [91. The LMTO method makes
use of the energy independent orbitals. To treat in
such a way both the core and valence states we had
to split the whole binding energy region in two

panels and use two sets of potential parameters for
each of them.
The main aim of this calculation is to check if the
theoretical intensities are in agreement with the
measured ones. The intensity ratio of the core
level and valence band is theory and experiment is
similar. This validates the interpretation that our

measured intensity is proportional to \<p{£, </)| •
There is some difference in the shape of the
measured and calculated valence band intensity
distribution itself. This difference is not



completely understood, but probably mainly due
to elastic scattering effects.

In figure 4 this distribution is plotted for the
data integrated over energy ranges as indicated.
All these momentum distributions are normalised
to equal height. The top curve is for an
integration over the valence band region. It
contains both the valence band (e,2e) events
without energy losses, and some events with
small additional energy losses. Because of die
small mean free path of the slow electron
involved, these (e,2e) events without energy losses
will almost exclusively occur in the near-surface
region of the sample facing the slow electron
detector (i.e. the shaded region in figure 1). The
momentum distribution of the valence band is
determined solely by the valence band electronic
structure and experimental resolution. It should be
independent of film thickness and energy of the
probing panicles.

With increasing energy losses there is a
gradual increase of (he width of the momentum
distribution. These (c,2c) events are associated
with one or more plasmon excitations. Because of
the small momentum of a plasmon we do not
expect that the creation of these particles itself
causes the broadening of the distribution. More
likely there is a relation between the depth at
which the (e,2c) event occurred and the number of
plasmons created.

The (c,2c) events without accompanying
plasmon losses arc located near the exit surface of
the sample. By the same token most of the (e,2e)
events accompanied by multiple plasmon
excitations occurred near the entrance surface of the
film. For these events there is also a significant
chance that the slow electron will scatter
clastically from one of the nuclei of the film.
These scattering events will cause a broadening of
the observed momentum distribution. Elastic
scattering cross sections depend on the electron
energy. Elastic scattering will increase with film
thickness. Thus the shape of the background at
high energy losses will be influenced by the film
thickness and the energy of the probing particles,
and is expected to change from experiment to
experiment.
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Figure 4. The measured momentum distribution
for the data integrated over the binding energy
window as indicated.

In general the background extending below the
valence band will be more intense if low energetic
panicles are involved (due to inelastic scattering).
Also the broadening in the momentum plots will
be more severe if there are low energetic panicles
in the (e,2e) reaction. Thus from a multiple
scalering point of view, one would like to perform
(e,2e) measurements at as high an energy (of all
the electrons involved) as possible.

There seems to be no other obvious source of
the measured intensity down to the C Is level
other than valence band (e,2e) events accompanied
by additional energy losses. Indeed it is clear from
figure 3 that this background extends even beyond
the C Is level. If one wants to study the
momentum distribution of the C Is level one has



to correct for this background, as done by Caprari
el at [7J. This correction is even more important
in the older (e,2e) results taken with rather poor
energy resolution. This information was not
available in the early study of Camilloni el at. [3J.
Their electron energies were rather different from
ours (incoming beam 9 keV, both outgoing
electrons at 4.5 keV) and these effects will be
somewhat smaller in their case. This advantage
will be offset in part by inclusion of a larger slice
of the background, due to their limited energy
resolution. Thus in hindsight the good agreement
obtained in [3] between theory and experimental
results of the C Is momentum distribution seems
somewhat fortuitous. Their momentum
distribution is the sum of two contributions: the
C Is distribution and a valence band contribution,
shifted in energy due to plasmon excitations, and
broadened in momentum space due to elastic
scattering. Both contributions have a similar
width.

3. CONCLUSION

We measured the (e,2e) intensity of a thin
carbon Him over a broad range of energies and
momenta. The valence band and C Is core level
features are clearly visible. This intensity is from
clean (e,2c) events, without additional energy
tosses. There is additional intensity extending
below the valence band down to binding energies
exceeding the C f s binding energy ft is caused by
valence band (e,2e) events combined with
additional energy losses. The distribution in
momentum space of this type of events broadens
with increasing energy loss.

The intensity of the valence band feature
and the core level feature relates to the intensity of

the core level as the magnitude of \#(£,q)\

integrated over the volume of momentum space
accessed in the experiment This validates the
assumption that in our present spectrometer (after
correction for multiple scattering effects) the
measured intensity at each energy and momentum

is simply proportional to
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