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Determination of the position maximum for electron Compton scattering in electron microscopy
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We study electron Compton scattering with an electron microscope by means of a Castaing-Henry
filter. In the electron-spectroscopic-diffraction mode the positions of the Compton maxima in the
diffraction plane are determined. We find a nearly constant shift of this position with respect to the
value given by E=q?/2. The intensity of Compton-scattered electrons does not peak at the scattering
angle predicted by the binary collision mode. The energy dispersion of the Compton profile is well de-

scribed by E =¢2/2.

INTRODUCTION

The combination of the capabilities of an imaging ener-
gy filter with the principal operation modes of a transmis-
sion electron microscope gives access to many new quali-
tative and quantitative techniques in electron microsco-
py.! These techniques can be divided into two categories:
(1) The filter is used as low pass to remove the inelastical-
ly scattered electrons and thus produce micrographs free
of chromatic aberrations with elastically scattered elec-
trons or, complementarily, (2) the filter is used to select
inelastically scattered electrons within a certain energy-
loss range and to record their contribution to an image
(electron spectroscopic imaging) or diffraction pattern
(ESD). Furthermore, the electron energy-loss spectrum
(EELS) can be recorded.

However, little information is extracted from large-
angle inelastic scattering of fast electrons. Electron ener-
gy loss under large scattering angle is a rather demanding
field of work for a number of reasons. The main problem
is the low cross section at high scattering angle that
essentially precludes experiments with a serial spectrome-
ter. On the other hand, these experiments would be very
attractive since they directly yield the momentum densi-
ty, via the Compton profiles.” Besides the experimental
difficulties, calculation of the Compton profile is a
demanding task for other than the simplest cases. There-
fore early attempts® were likely to fail. But nowadays,
available instrumentation such as parallel EELS (PEELS)
or ESD allows reasonable dwell times and considerable
progress in the theoretical calculation of Compton
profiles has been achieved.

It has been shown that electron Compton experiments
are feasible with PEELS, yielding momentum anisotro-
pies with equal or better resolution than the conventional
Compton scattering work with photons, and on a spatial
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scale of micrometers.* The alternative experimental tech-
nique, ESD, has only been used to demonstrate the ex-
istence of a Compton maximum'in the diffraction plane.’
Previous experiments did not agree on the position of this
maximum. Egerton reported a constant shift of the
Compton maximum with respect to the expected
E=g4?/2 behavior,® whereas Reimer et al.’ found
different deviations of the maximum in d’o /dE dQ from
E=¢g?/2 in different materials. The aim of this paper is
to repeat the experiments under controlled conditions,
and to give a theoretical explanation of the disagreements
in previous work. This is an important step in developing
a potentially powerful method of solid-state spectrosco-

py-
CROSS SECTION

The contrast in the micrograph (Fig. 1) taken with a
modern electron microscope with an energy filter is a pic-
ture of the differential interaction cross section within the
thin sample. Since the usual kinetic energy of the il-
luminating electrons is high compared to energy states of
the solid sample, the cross section can be separated con-
veniently into two factors, one describing the fate of the
primary electron by the Rutherford cross section and
another called the dynamic structure factor, which de-
scribes the response of the sample to the transfer of a
momentum q and an energy E from the primary electron:

d’c__Pi
dEdQ  p,

do

: 7). 1
a0 S(q,E) (1)

Ruth

p; and p, are the momenta of the primary electrons be-
fore and after scattering, respectively. We use atomic
units and the formulas are dimensionless. In these units,
(do /dQ)gun=4/9".
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FIG. 1. ESD with E=500 eV from Zeiss EM 902 on a car-
bon film. Scale bar in micrograph corresponds to 2 a.u.

For the microscopist only the dynamical structure fac-
tor is of interest because it relates to the materials charac-
teristics of the sample. Depending on the experimental
setting, that is, on the selection of the ranges in g and E,
different responses of the target dominate. Therefore
S(q,E) may be related to either the dielectrical function
for collective excitation of valence electrons’ or to the
generalized oscillator strength for ionization of core elec-
trons.?

We are mainly interested in the inelastic scattering of
fast electrons with large energy and momentum transfer
to the target electron, so large that the binding energy Ep
of target electrons is insignificant. The scattering can be
considered as a classic binary collision of two seemingly
free electrons, for which the conservation of energy and
momentum leads to

2

E= -q; +pq, )
where p is the initial momentum of the target electron.
The first term on the right-hand side of Eq. (2) gives the
energy transfer for scattering off stationary free electrons
and depends only on the incident energy and the scatter-
ing angle, hence the energy loss is a 8 function peaking at
an energy E=g2/2. The second term is proportional to
the projection of the initial momentum of the sample
electron onto the scattering vector and broadens the
energy-loss distribution of the scattered electrons
(Doppler broadening). The resulting spectrum therefore
provides a direct measure of the ground-state momentum
distribution of the electrons in the sample.

In fact, very short-time interactions, i.e., high-energy
transfer (E <t ~!), permit one to consider the potential
experienced by the primary electron as invariant. It can
be shown that the binding energy of the target electron is
canceled in this so-called impulse approximation;’ there-
fore the initial ground state of the bound electrons can be

taken as one with momentum p and energy
p?/2 (not—Ey), which leads to an expression for S(g, E)

1 1
S=——-—-J 3
(2m)? ¢ ) @
with
-pq_1, E_._‘Ii 4)
P=g g 2

For historical reasons J(p) is also called the Compton
profile, being the projection integral of the three-
dimensional momentum density distribution of the target
electrons onto the direction of the scattering vector q.
The theoretical calculation and experimental determina-
tion of the Compton profile J(p) constitutes a major
effort in electron and synchrotron scattering experiments.

As an example one Compton profile calculated for me-
tallic aluminum with the free-electron model for conduc-
tion electrons and with the impulse hydrogenic model'°
for inner-shell electrons is shown in Fig. 2. The profile
shows the two contributions distinctly separated into a
flat extended region (the momentum distribution of the
L-shell electrons) and a narrow parabola, superimposed.
The momenta where the slope changes discontinuously
designate the Fermi momentum of the conduction elec-
trons. The profile is normalized such that the area under
the parabola corresponds to 3, the number of the valence
electrons, and the area under the lower portions to 10,
the number of core electrons.

Equation (4) is the same as Eq. (2); in fact the impulse
approximation is equivalent to the classical binary col-
lision, and predicts that J(p) (not another quantity) has a
maximum at p=0, or at E =¢2/2. It has been accepted
as a good approximation if the energy transfer is larger
than 4E .2

EXPERIMENT

We use a commercially available Zeiss EM 902 elec-
tron microscope with an integrated Castaing-Henry
filter,!! which consists of an electrostatic mirror and a
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FIG. 2. The Compton profile of metallic aluminum showing
the two contributions of conduction and inner-shell electrons.
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magnetic prism. The primary electrons are accelerated
to 80 keV and focused onto the specimen. Anticipated
energy losses are compensated by adding a ramp voltage
to the accelerating voltage, thus leaving the electron en-
ergies at the filter entrance constant. The energy-loss
spectrum in the energy-dispersive plane of the filter is
then shifted and a selecting slit on the optical axis selects
electrons with the chosen energy loss. In the ESD mode,
the filter entrance plane contains an electron-diffraction
pattern, which is then projected onto the final viewing
screen.’ Therefore the ESD can give the diffraction pat-
tern of elastically scattered electrons (zero-loss filtering)
or of inelastically scattered electrons with lower energy
loss. With high-energy loss ESD depicts the diffuse ring
of Compton-scattered electrons. Measurements were per-
formed on C film with energy loss higher than 100 eV to
avoid the possible influence of the amorphous rings and
on Al film with energy loss higher than 400 eV so that the
binary collision condition is fulfilled. The intensities are
recorded on a photographic plate with exposure times
from 50 to 500 s depending on the energy loss.

For an energy loss E the energy resolution needed to
achieve a given momentum resolution &p is
8E=258p-(2E)"%. Using a selecting slit SE of 5 eV for an
energy transfer of, say, 230 eV, a momentum resolution
of 0.04 a.u. is easily achieved. For high-energy transfer, a
slightly wider slit may be used to gain more intensity
without loss of the momentum resolution. This momen-
tum resolution is about half of the best resolution that
one may achieve with a synchrotron experiment for
which counting times of hours or days may be needed.
However, the real momentum resolution is worse than
this ideal value due to the compromise necessary between
a tolerable divergence and a useful intensity of the beam
through the angle-limiting narrow condenser aperture.*
By this the illumination angle is limited to 0.6 mrad and
the final momentum transfer uncertainty amounts to
~0.06 a.u.

Due to the second-order aberrations of the Castaing-
Henry filter, the image details located at a certain dis-
tance off the optic axis are related to smaller energy
losses than those on axis. For ESD with an energy loss of
230 eV on axis, for instance, the energy loss on the final
viewing screen 2 cm off axis is 226 eV; the resulting
momentum uncertainty is less than 0.06 a.u.

Thin films of carbon were prepared by vacuum deposi-
tion onto a clean mica surface and subsequent floating off
in distilled water. For the metallic films aluminum was
evaporated from a tungsten boat onto a glass surface
covered with Movital for easy removal. Electron-
diffraction patterns confirmed the amorphous character
of the C films and the polycrystalline structure of the Al
films: They showed three broad rings in the first case and
spotted Debye-Scherrer rings in the second.

The experimental results were obtained by densi-
tometry of photoplates, whereby the Debye-Scherrer
rings of the Al film was used for calibrating the g scale.

RESULTS AND DISCUSSION

Before interpreting these findings in terms of electron
Compton scattering, it must be assured that they are not
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disturbed by multiple scattering of incident electrons. A
simulation study shows that for high-energy losses small
scattering angle events do not mix significantly with the
Compton scattering.!? For example, in an Al film of 20
nm corresponding to 20% of the mean free path for
plasmons, the amount of combined plasmon-Compton
scattering is less than 20% and does not displace the
maximum position of the final intensity distribution.!?
The mixed elastic/inelastic-scattering results in the back-
ground which decreases monotonically with increasing
energy loss and scattering angle. For this case the simu-
lations show a slight downward shift of the maximum,
which, however, is smaller than the instrumental resolu-
tion (for a thickness of about 20% of the mean free path
for plasmons). Therefore we feel justified in neglecting
the influence of multiple scattering in the chosen angular
and energy region.
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FIG. 3. (a) Maximum positions in d2o /dE dQ; (b) maximum
positions in Compton profile J(p). @: amorphous carbon; B
polycrystalline Al; the solid line is the prediction of binary col-
lision mode, the dotted line is the fitting of the experimental re-
sults. The error bars reflect the uncertainty in the beam
momentum and the spot size of the densitometer.
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We discuss first the dependence of the maximum in
differential cross section d’c/dEdQ on momentum
transfer q. The energy dispersion of this maximum is
shown in Fig. 3(a) for the energy region 150-280 eV for
carbon and 500-700 eV for metallic Al. The inelastic
scattering in carbon is only due to the excitation of the
valence electrons because the energy losses are less than
the threshold of K-shell electrons. In Al the valence and
L-shell electrons will be excited. For losses E much
higher than the Fermi energy and fulfilling the binary
collision condition for L electrons, we find a quadratic re-
lation between energy and momentum independent of the
atomic number Z; it can be approximated as

E=A+%q2 5)

with 4=2.3 (63 eV) and a=1.07. Since the results are
independent of atomic number, we may conclude the
binary collision property of the electron scattering in the
solid. However, the existence of a threshold ( 4 70) and
the deviation of a from unity refutes the notion of free
collision partners.

Our carbon results can be compared with those of
Egerton.® Egerton gave the position of the peak approxi-
mately by E=E,+E,-6% with E;=80 eV. This is a
constant shift from the prediction of the binary collision
model giving the scattering angle 6*=E /E,. In our ex-
periments E, =63 eV, less than the value from Egerton,

and the shift increases as E increases, reflected by a#1 in
Eq. (5). It has been concluded that this model is not suit-
able for the case of solids.®

As shown above, however, the reason for this
discrepancy is that only the Compton profile J (p) has its
maximum at E =g?/2, whereas the measured cross sec-
tion d %0 /dE dQ has not. This is perfectly verified by the
present experiment, shown in Fig. 3(b). Only in case of
target electrons at rest would the two maxima coincide
since J(p) < &(p).

CONCLUSION

The angular dependence of the Rutherford differential
cross section causes the maximum position of the elec-
tron Compton scattering to deviate by a nearly constant
amount from the position E=g2/2, expected from the
theory. These findings are independent of the atomic
number. The maximum position of the experimental
Compton profile agrees perfectly with the prediction of
the impulse approximation.
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FIG. 1. ESD with E=500 eV from Zeiss EM 902 on a car-
bon film. Scale bar in micrograph corresponds to 2 a.u.



