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Abstract

The Compton signal in electron energy loss spectroscopy (EELS) is used to determine the projected electron momentum density of states for
the solid. A frequent limitation however is the strong dynamical scattering of the incident electron beam within a crystalline specimen, i.e.
Bragg diffracted beams can be additional sources of Compton scattering that distort the measured profile from its true shape. The Compton
profile is simulated via a multislice method that models dynamical scattering both before and after the Compton energy loss event.
Simulations indicate the importance of both the specimen illumination condition and EELS detection geometry. Based on this, a strategy
to minimize diffraction artifacts is proposed and verified experimentally. Furthermore, an inversion algorithm to extract the projected
momentum density of states from a Compton measurement performed under strong diffraction conditions is demonstrated. The findings

enable a new route to more accurate electron Compton data from crystalline specimens.
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Introduction

Electron energy loss spectroscopy (EELS) data acquired at suffi-
ciently large scattering angles display a broad Compton peak,
which is a two-dimensional “slice” at constant momentum
through the three-dimensional Bethe surface (Inokuti, 1971;
Schattschneider & Exner, 1995; Egerton, 2011). The Compton
peak is due to scattering of the incident electron with an atomic
electron in the solid. In the so-called impulse approximation,
where the energy transfer is much larger than the binding
energy of the atomic electron, the scattering can be treated inde-
pendently of the neighboring atomic electrons and nuclei, i.e.
the scattering is strictly a two-body collision event (Cooper
et al., 2004). The Compton signal then gives information on
the momentum density of states of the atomic electrons pro-
jected along the scattering vector (Cooper et al., 2004).
Significantly, the extracted electronic structure corresponds to
the ground state of the solid, and is free of excited state artifacts,
unlike, for example, the near-edge fine structure in core loss
edges, which can be distorted by the core hole (Mizoguchi
et al., 2010; Mendis & Ramasse, 2021).

A limited number of electron Compton measurements have
been performed, such as on carbon-based materials (Williams
et al, 1984; Exner et al, 1996; Feng et al, 2013, 2019
Talmantaite et al., 2020) and silicon (Jonas & Schattschneider,
1993; Exner & Schattschneider, 1996). Although the Compton
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intensity is comparable to phonon scattering in low atomic
number solids (Eaglesham & Berger, 1994), its analysis using
EELS has not been as widespread as X-ray and y-ray
photon-based methods. This is partly due to electron beam
damage of the specimen during the time it takes to acquire the
relatively weak Compton signal. However, this can now largely
be mitigated by advances in instrumentation, such as EELS spec-
trometers with direct electron detection capability (Cheng et al.,
2020; Plotkin-Swing et al., 2020) and/or low-kV microscopy per-
formed below the knock-on damage threshold for specimens
undergoing sputter damage (Krivanek et al., 2010). Talmantaite
et al. (2020) have also shown that accurate Compton data can
be acquired from only a subset of the atomic electrons, e.g. the
lower binding energy valence and semi-core electrons. This has
the advantage that the acquisition time is shorter compared to
the total Compton signal due to all electrons. Furthermore, post-
processing of the data to numerically remove the core electron con-
tribution is not required (Cooper, 2004). The measured Compton
peak can therefore be directly interpreted in terms of the important
valence electrons that govern solid-state bonding.

While there are strategies to mitigate specimen damage, mul-
tiple scattering artifacts arguably present a more fundamental
limitation. Here, Bragg diffraction in a crystalline specimen
and thermal diffuse scattering (TDS) can act as additional
sources of Compton scattering that occur at different momen-
tum transfers to the unscattered beam (Williams et al., 1987).
The measured Compton profile will therefore be different to
that obtained from a thin specimen undergoing kinematical
scattering, where the unscattered beam is the dominant feature
in the diffraction pattern. In Compton analysis of crystalline
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specimens, Bragg diffraction is often unavoidable, especially if
the Compton peak is acquired along low index crystallographic
scattering vectors. For example, anisotropy studies in electron
bonding require measuring the Compton signal along different
scattering vectors, which are often low index (Cooper et al.,
2004). For EELS to rival photon-based Compton analysis, mul-
tiple scattering artifacts must be corrected. Although multiple
scattering can be minimized by using focussed ion-beam (FIB)
microscopy to prepare highquality thin specimens (Schaffer
et al, 2012), there is a limit to how thin specimens can be
made before surface effects (i.e., amorphous and surface oxide
layers) begin to dominate. Therefore, experimental and data pro-
cessing techniques to reduce multiple scattering artifacts are
desirable.

In this work a multislice (Kirkland, 2010) technique is used
to simulate electron Compton profiles for a given electron
momentum density of states under dynamical diffraction condi-
tions. A similar approach has previously been used by Williams
et al. (1987), where the multislice simulated Bragg diffracted
beams at a given specimen depth were treated as additional
sources of Compton scattering. However, the work of Williams
et al. (1987) did not take into account dynamical scattering of
the primary electrons as they exited the specimen following
the Compton energy loss event. This is a similar problem to cal-
culating electron backscatter diffraction (EBSD) patterns, where
the electron trajectories following a high angle backscattering
event must be determined. In EBSD, the problem is simplified
by invoking the principle of reciprocity (Winkelmann et al.,
2007, Winkelmann 2010), i.e. the trajectory of the far-field exit
wave electron is reversed to determine the internal scattering
processes of interest within the solid. The principle of reciprocity
has also been used to explain Kikuchi band contrast (Kainuma,
1955), as well as core-loss EELS signals (Rusz et al., 2007). Based
on this principle, our simulations employ two multislice calcula-
tions: the conventional forward multislice of Williams et al.
(1987) to determine Bragg sources of Compton scattering, and
a reverse multislice, based on the principle of reciprocity, to
model dynamical diffraction following the Compton event.
Simulations compare favorably with experimental results
obtained for a silicon test specimen, and indicate the importance
of the incident electron beam and EELS detection geometries on
the measured Compton profile. By optimizing the EELS detec-
tion geometry, it is possible to minimize Compton artifacts,
while maintaining the required specimen diffraction conditions.
Furthermore, an inversion method for extracting the projected
momentum density of states from a Compton profile acquired
from a diffracting specimen is also proposed. This is similar in
principle to removal of elastic scattering from EELS core loss
edges (Neish et al, 2013). These advances help improve the
robustness of electron Compton analysis of crystalline speci-
mens. The simulation method is discussed in more detail in
the “Materials and Methods” section, while experimental data
and inversion of dynamical Compton results are presented in
the “Results and Discussion” section.

Materials and Methods
Experimental Procedure

An argon ion-polished silicon (110) single crystal specimen was
examined at 200kV in a JEOL 2100F field emission gun
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transmission electron microscope (TEM). Compton spectra
were acquired using a Gatan GIF Tridiem EELS spectrometer,
under two diffraction conditions: (i) kinematical, where Bragg
scattering was minimal, and (ii) dynamical, with the 004 reflec-
tion in the Bragg orientation. For the former the sample was
first tilted 103.4 mrad away from the (110) zone axis, to avoid
strong diffraction conditions. Using the microscope beam tilt
coils the parallel electron beam was then tilted by 48.6 mrad, tak-
ing care to avoid excitation of Bragg reflections as much as possi-
ble. A 5.3 mrad radius objective aperture was inserted along the
optic axis and the EELS Compton signal acquired in centered
dark-field image mode with 0.5 eV/channel dispersion (this will
be referred to as the “off-axis” spectrum). The high intensity
low energy loss region and low intensity Compton peak were
acquired separately, and subsequently spliced to give a complete
EELS spectrum with good signal-to-noise ratio at all energy losses.
An EELS spectrum was also acquired with the electron beam par-
allel to the optic axis (the “on-axis” spectrum), which contained
all the usual features [i.e. zero loss peak (ZLP), plasmons, core
loss edges etc.] apart from the Compton peak. The on-axis spec-
trum is used for subtracting the background under the Compton
profile. By using the wedge shape of the specimen “on” and
“off-axis” EELS spectra could be acquired at different specimen
thicknesses. The diffraction pattern for one such kinematical
Compton peak measurement is shown in Figures 1a (linear inten-
sity scale) and 1b (log scale). For the dynamical Compton spectrum
the sample was first tilted to the (110) zone axis. Using the micro-
scope beam tilt coils the parallel electron beam was then tilted
48.8 mrad away from the zone axis, such that the 004 reflection
was in the Bragg orientation. “On” and “off-axis” EELS spectra
were acquired at different specimen thicknesses. An example dif-
fraction pattern for the dynamical Compton measurement is
shown in Figure 1c (linear intensity scale) and 1d (log scale).

Simulation Method

The multislice simulation follows the experimental setup for the
dynamical Compton measurements and is illustrated schemati-
cally in Figure 2a. The sample is (110) Si. A tilted plane wave,
Yine is incident on the specimen entrance surface. Wi, is multi-
slice propagated within the specimen using the method of
Ishizuka (1982) for tilted beams. To avoid aliasing artifacts the
beam tilt was rounded to the nearest reciprocal space pixel for
the multislice supercell (Barthel et al., 2020). At depth “d” a
Compton scattering event at point “P” is assumed to take place.
Compton scattering takes place in many directions, and the pri-
mary electrons can undergo further elastic and, to a lesser extent,
inelastic scattering before they exit the specimen. However, only
those primary electrons that are scattered in the direction of the
EELS aperture will be detected. In our case this would be the
wavefunction W, along the electron-optic axis (Fig. 2a). By
reversing the direction of Wey, and performing a reverse multi-
slice calculation, it is possible to reconstruct the Compton electron
wavefunction at depth “d” that is measured by EELS. In our mea-
surements the energy loss due to Compton scattering is small
(=1 keV), so that the reverse multislice calculation is also per-
formed at the primary beam energy. In fact, both the forward
and reverse multislice calculations assume elastic scattering only,
although inelastic scattering events, such as plasmons (Mendis,
2019, 2020), can also be included at some extra computational cost.

If the projected electron momentum density of states for the
solid, J(p.), is known, the electron Compton profile under
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Fig. 1. Example diffraction pattern for the kinematical Compton measurement shown in both (a) linear and (b) logarithmic intensity scale. The red circle denotes
the position and size of the objective aperture used for electron Compton measurement in centred dark-field mode. (c,d) An example diffraction pattern for the
dynamical Compton measurement in linear and logarithmic intensity scales respectively. The 004 reflection is in the Bragg orientation and the red circle denotes

the objective aperture.

dynamical diffraction conditions can be simulated as follows. The
forward multislice electron wavefunction at depth “d” is Fourier
transformed to reveal the Compton scattering sources in recipro-
cal space. In principle, each point in the diffraction pattern can act
as a Compton source, but here we limit our attention to the
unscattered and Bragg diffracted beams, which have higher inten-
sity. An example Bragg diffracted beam G; in the forward multi-
slice diffraction pattern is shown in Figure 2b. Next the reverse
multislice electron wavefunction at depth “d” is Fourier trans-
formed to reveal the permissible scattering vectors for the
Compton scattered electron before being collected by the EELS
aperture. All points in the diffraction pattern represent potential
scattering vectors, although for computational convenience only
the high intensity unscattered and Bragg diffracted beams are
considered. An example Bragg reciprocal vector G, in the reverse
multislice diffraction pattern is shown in Figure 2¢ and superim-
posed in Figure 2b. The Compton scattering vector q, must con-
nect (G; +G,) to the EELS spectrometer aperture, here assumed
to be a point at the origin (Fig. 2b). Note that the EELS collection
angle is effectively limited by the small objective aperture
(5.3 mrad), which justifies the assumption of a point detector.

The Compton scattered intensity is proportional to [I(GI)I(GZ)]/q4,
where I(G;) and I(G,) are the intensities of the diffracted beams
G, and G, as calculated by the forward and reverse multislice sim-
ulations at specimen depth d for Compton scattering. I(G;) is a
function of the incident beam illumination, while I(G,) depends
on the EELS collection geometry. The g* factor is derived from
the Compton scattering cross-section (Williams et al, 1987;
Schattschneider et al., 1990). The Compton profile shape is
given by J( p.), where p, is the magnitude along the scattering vec-
tor q. p, can be converted to energy loss, AE, according to
(Talmantaite et al. 2020):

AE(PZ) = AEp + SE(pz)5 (la)

. T
AE, = 2sinZ <2T + mOCZ), (1b)
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Fig. 2. (a) Schematic illustrating a Compton scattering event at position “P” within a Si (110) specimen. The incident electron undergoes further scattering after the
Compton event, but only those electrons that exit the specimen in the direction of the EELS aperture will be detected. The forward and reverse multislice simulated
diffraction patterns (50 frozen phonon configurations) in the middle of a 70 nm thick, Si (110) specimen are shown in (b,c) respectively. The incident electron beam
is tilted 48.8 mrad to the optic axis and is in the 004 Bragg orientation. The EELS spectrometer aperture is along the Si (110), or equivalently, optic axis. See text for

a discussion on Gy, G,, and q scattering vectors.

2AE,

Mo

6E(pz) = —pz (1C)

where T'is the primary electron energy, moc is the rest mass energy
of the electron, AE, is the Compton peak energy at p, =0, and ¢ is
the Compton scattering angle, which, at small angles, is related to
the magnitude of the primary electron momentum pj,. by
|q| = 2pincsin(¢/2). The above equations are derived within the
impulse approximation. The Compton profile calculated from
J(p.) and equations (la)-(1c) must be normalized to the total
number of electrons undergoing Compton scattering, i.e. 12 elec-
trons per atom, for Compton energy losses between Si L- and
K-edges. Normalization can effectively be achieved by dividing
the Compton intensity by ,/AE,. This follows from equation (1c)
which links momentum p, to energy loss; the energy loss axis is

“stretched” by an amount proportional to ,/AE,, so that the inten-
sity axis must be divided by the same term to keep the area under
the Compton profile constant. The electron Compton spectrum
I(E) is then:

- Y KOG [p)

O(E — AE(p.)), (2)
d,G1,G2.p; q4 AEP

where the Dirac delta function is equal to unity when the energy
loss E is equal to AE(p,), but zero otherwise. The summation
over d calculates Compton scattering contributions at different
specimen depths.

The Si (110) supercell for multislice simulation had lateral
dimensions 7a, x 54/2a,, where 4, is the unit cell lattice param-
eter. The bandwidth limited, maximum scattering angle is
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111 mrad, sufficient for the large beam tilts (48.8 mrad) used in
the forward multislice calculation. The supercell thickness was
70 nm, consistent with the experimental specimen thickness mea-
sured using EELS. The supercell was divided into thin slices, with
thickness a,/ \/ 8 or 1.9 A. Kirkland’s (2010) atom scattering fac-
tors were used to calculate the projected potential for a given
slice, and 50 frozen phonon configurations were sampled to
reproduce thermal diffuse scattering (Loane et al., 1991).
Atomic motions were uncorrelated and were based on an rms dis-
placement value of 0.078 A for silicon (Kirkland, 2010).

J(p.) for silicon was extracted from the kinematical Compton
measurement (see Results and Discussion section). The simula-
tions do not take into account any anisotropy in J( p.), although
this introduces only a minor error (~1%; Cooper et al., 2004).
In principle, the anisotropy can easily be incorporated if J(p.)
has been parameterized in lattice harmonics (Jonas &
Schattschneider, 1993). Compton profiles for each slice along
the specimen thickness direction was calculated as described pre-
viously and summed to give the final result. The symmetry of the
Si (110) diffraction pattern was used to locate Bragg peaks within
a 3 A" radius from the reciprocal space origin. Nearly 300 zero
order Laue zone (ZOLZ) reflections are included within this
search radius. Furthermore, the forward multislice diffraction pat-
tern also included a search for reflections in the higher order Laue
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zone (HOLZ) ring (Fig. 2b). Care must be taken to avoid “beat-
ing” or Moiré effects due to the discrete sampling of the
Compton spectrum and p, values [equation (1c)]. For example,
in most cases there was a one-to-one correspondence between
p. and Compton energy channel, although the mismatch in sam-
pling between the two caused some energy channels to have con-
tributions from two neighboring p,-values, resulting in a near
doubling in the intensity of that channel. This was avoided by
ensuring that each energy channel had only one p, contribution
(the precise p, value does not matter, so long as the sampling is
fine enough). The minimum value of AE, [equation (1b)] was
set to 200 eV (see the discussion on Fig. 3c), and AE, values
below this threshold were ignored.

A limitation of the simulation method is that the mixed
dynamic form factor (MDFF), due to interference effects, is not
taken into account (Exner & Schattschneider, 1996). The MDFF
contribution is zero at the Bragg orientation for small Ewald
spheres, where the outgoing Compton scattered electron can
effectively be treated as a plane wave. In our case, the incident
electron beam is at the Bragg orientation for the 004 reflection,
but the larger Ewald sphere at 200 kV means that the Compton
scattered electron is more accurately described as a Bloch wave
within the crystal. The role of interference effects on our measure-
ments are therefore unknown.

(b) 0.5

Normalised Intensity
o o o
[p 8] L4} =

e
o

0 10 20 30 4(5“ 50 60
Energy Loss (eV)
(d)

——kinematical electron
y-ray (core)

~-ray (valence)
—~-ray (total)

0 0.5 1 1.5 2 25 3
p, (atomic units)

Fig. 3. (a) Kinematical Compton spectra acquired at different (t/) values. The integrated intensity of the Si L-edge has been normalized for a direct comparison. (b)
The corresponding low-loss region of the EELS spectra, with the intensity of the ZLP normalized. (c) The extracted kinematical Compton profile, with the underlying
background subtracted using two different methods, namely constant (t/4) and constant plasmon to ZLP ratio. The arrow indicates the residual Si L-edge intensity
due to errors in the background subtraction. (d) The projected momentum density of states J( p,) extracted from the high energy side of the kinematical Compton

profile. Also shown for comparison are the y-ray results of Reed & Eisenberger (1972).
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Results and Discussion
Kinematical Compton Scattering

Figure 3a shows kinematical Compton spectra acquired from
sample regions of varying thicknesses. The graphs have been
normalized to the integrated intensity of the Si L-edge and the
thickness (t) is expressed as a ratio of the inelastic mean free
path (1). The calculated Compton peak energy [equation (1b)]
is 565 eV, less than the measured value of ~590 eV. The under-
estimation in the theoretical value is attributed to the additional
1/g* term in the Compton scattering cross-section (Su et al.,
1994). At large scattering angles, the Si L-edge is suppressed
due to Compton scattering (Inokuti, 1971). The characteristic
scattering angle for Si L core loss excitation is only 0.25 mrad
(Egerton, 2011) and is peaked in the direction of the incident
electron beam. The appearance of a Si L-edge in the “off-axis”
spectrum must therefore be due to elastic and thermal diffuse
scattering altering the angular distribution of the core loss elec-
trons (Su et al, 1992; Talmantaite et al., 2020). The
peak-to-background ratio of the Compton profile decreases rap-
idly with specimen thickness, although the shape and peak posi-
tion shows no significant change (Fig. 3a). Consider the effect of
multiple inelastic scattering. The corresponding EELS low loss
region is shown in Figure 3b. Although multiple plasmon
peaks are excited with increasing specimen thickness, the
width of a plasmon peak is significantly smaller than the
Compton profile (i.e. 5.5eV versus 417 eV
full-width-at-half-maximum). Convolution of the broad
Compton signal with a narrow plasmon peak during multiple
inelastic scattering should therefore have very little effect on
the former, provided the specimen is reasonably thin.
Furthermore, the observed changes to the Si L-edge with
increasing specimen thickness are comparatively minor
(Fig. 3a). This suggests that multiple plasmon scattering is not
responsible for the peak-to-background ratio. Instead other fac-
tors, such as TDS, may be responsible. For example, TDS in the
thicker specimens could decrease the (high scattering angle)
Compton signal from the unscattered beam being collected by
the finite EELS aperture, while also increasing the measured
(low scattering angle) Si L-signal. Irrespective of the exact mech-
anism, the results indicate the importance of collecting
Compton spectra from thin specimens, even under kinematical
diffraction conditions.

Subtracting the background under the Compton profile is
challenging due to the Si L-edge and the need to extrapolate
out to very large energy losses. Su et al. (1992) used a numerical
method based on multiple elastic-inelastic scattering to model the
background, but here the collection of the “on-axis” EELS spec-
trum provides an alternative empirical route for background sub-
traction. The “on-axis” spectrum is acquired from the same
specimen area and contains the Si L-edge but no Compton
peak. A simple subtraction of the “on-axis” spectrum from the
“off-axis” spectrum is however not sufficient, since the t/A for
the two measurements will be different. This is because the elec-
tron beam in the “off-axis” spectrum is highly tilted, so that the
effective specimen thickness is larger. The inelastic mean free
path 4 will also be slightly different, since the energy loss mech-
anisms for the “on-axis” spectrum do not include Compton scat-
tering. To approximately correct these errors, the “on” and
“off-axis” spectra acquired at different specimen thicknesses
were interpolated to a common (#/1) value of 0.5 before subtrac-
tion [spline interpolation of the intensity was applied to each
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energy loss channel in the raw data set, which consisted of
EELS spectra acquired at different (#/1) values]. The result is
shown in Figure 3c and indicates that the Si L-edge has not
been fully subtracted, especially at the edge onset region. The
residual Si L-signal is likely due to slight changes in the edge
shape with multiple inelastic scattering. In particular, Figure 3a
shows that plasmon excitation transfers some of the Si L-edge
onset intensity to higher energy loss. Therefore, an alternative
method would be to interpolate the “on” and “off-axis” spectra
to a common plasmon to ZLP intensity ratio before subtraction,
since then the multiple inelastic scattering would be similar (the
intensity of the first plasmon peak is used to calculate the
ratio). The result, superimposed in Figure 3¢, indicates that the
Si L-edge has been satisfactorily removed. Strictly speaking, this
method of background subtraction is still only approximate, due
to the specimen diffraction conditions being different for the
“on” and “off-axis” spectra, and the role this has on the angular
distribution of the inelastically scattered electrons (Su et al.,
1992). Nevertheless, for the experimental conditions in this
work background subtraction via the plasmon to ZLP ratio
method produced reasonable results, and is therefore employed
throughout.

The background-subtracted, kinematical Compton profile
shows several interesting features. First, there is an abrupt change
in gradient at ~200 eV. This is only twice the energy of the Si
L-edge onset, which suggests that the L-shell electrons may
cease to undergo Compton scattering at these low energy losses.
There is also a smaller change in gradient at ~384 and
~840 eV, which likely represents the transition between the
M-shell valence electrons that give rise to the Compton peak
and L-shell semi-core states that form the broader, underlying
background. The Fermi momentum calculated using free electron
theory (Kittel, 2005) has magnitude 0.95 atomic units (a.u.), while
equation (1c) predicts values of 1.14 and 1.40 a.u. for energy
losses 384 and 840 eV respectively (the different momentum val-
ues is due to a slight asymmetry in the Compton profile; Fig. 3c).
Although the high energy side of the Compton profile may there-
fore appear to be less accurate, it is nevertheless used to extract
J(p.), since there is no abrupt cut-off in Compton signal (cf.
the low energy side at 200 eV). The J(p,) is shown in Figure 3d,
with the area under the curve and its mirror reflection normalized
to 12 electrons. The normalization is only approximate, since the
curve has not fully decreased to zero for the largest measured p,.
Also superimposed is the J( p,) data obtained from y-ray scatter-
ing, along with the M-shell valence and 1s*2s°2p® core electron
contributions, the latter estimated theoretically (Reed &
Eisenberger, 1972). The electron J(p,) has larger values, due to
the incorrect normalization. However, the width is also greater
than the y-ray result, suggesting a discrepancy between the two
measurements. Jonas and Schattschneider observed better agree-
ment between their electron Compton measurements and the
same y-ray result (see Fig. 6a of Jonas & Schattschneider, 1993).
The Compton signal in Jonas & Schattschneider (1993) was how-
ever acquired at a much higher peak energy of ~1 keV and there-
fore higher scattering angle, which may have resulted in a more
favorable (ie. closer to kinematical) specimen diffraction
condition.

Dynamical Compton Scattering and Its Inversion

Figure 4a shows dynamical Compton spectra acquired at differ-
ent specimen thicknesses with the 004 reflection in the Bragg
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Fig. 4. (a) Dynamical Compton spectra acquired at different (t/A) values with the 004 reflection in the Bragg orientation. The integrated intensity of the Si L-edge
has been normalized for a direct comparison. (b) The background subtracted, experimental dynamical Compton profile and its comparison with the multislice
simulation (50 frozen phonon configurations). The maximum intensity of the two curves have been normalized. (c) The [/(G,)/(G,)]/q* intensity contributions at
different Compton scattering angles obtained from the multislice simulation. (d) Electron Compton spectrum acquired with the silicon specimen tilted away

from the (110) zone axis and incident beam in the 004 Bragg orientation.

orientation. The scattering angle for the kinematical and
dynamical measurements are similar (49 mrad), and therefore
the Compton peak energy should be approximately equal [equa-
tion (1b)]. Furthermore, due to the symmetry of the diamond
cubic silicon unit cell, the Compton scattering vectors for the
004 and unscattered beams are both crystallographically equiv-
alent (Jonas & Schattschneider, 1993). Therefore, any J(p,)
anisotropy should also have no effect on the measurement.
Despite this the dynamical Compton profile is very different
to the kinematical result, and shows a large peak shift to
lower energy values, consistent with previous simulations
(Williams et al., 1987). The background-subtracted dynamical
Compton signal is shown in Figure 4b; the asymmetry of the
curve is now more pronounced, with a long “tail” on the high
energy side. The multislice simulated result is also superim-
posed in Figure 4b, with the maximum intensity of the two
curves normalized. The simulation reproduces the Compton
peak energy satisfactorily, but under/overestimates the high
and low energy sides respectively. This could be due to several
factors which are simulation related, such as ignoring interfer-
ence effects (Exner & Schattschneider, 1996) and plasmon
energy losses in multislice, as well as systematic experimental
errors in the kinematical J( p,) profile.

The multislice simulation provides information on the
Compton signal “intensity” as a function of scattering angle
(Fig. 4¢). Here “intensity” refers to the sum of [I(G))I(G,)]/ q4 pro-
portionality terms at different specimen depths (see Section

“Simulation Method”). The dominant contribution is from the
unscattered beam, but there are also significant contributions
from lower angles which cause the overall Compton peak to
shift to lower energies. The 35 and 41 mrad scattering angles,
which have the second and third highest contributions to the
Compton signal (Fig. 4¢), lie close to the trace of the Ewald sphere
in the ZOLZ plane for the incident electron beam (Fig. 2b). The
scattering pathway illustrated in Figure 2b is therefore an example
of the underlying mechanism distorting the Compton profile.
This suggests that diffraction artifacts can be minimized by alter-
ing the EELS detection geometry in such a way that dynamical
scattering of the outgoing electron beam is reduced (Fig. 2c).

To demonstrate this, the sample was first tilted 162 mrad away
from the (110) zone axis along the 004 Kikuchi band. The optic
axis, and therefore EELS aperture, are now no longer along (110),
where many Bragg beams are excited. The incident electron beam
was tilted by 50.8 mrad, such that the 004 reflection was in the
Bragg orientation (the direction of beam tilt was away from the
(110) zone axis). The scattering angle and diffraction conditions
are therefore similar to the dynamical Compton measurement in
Figure 4b. The EELS spectrum is shown in Figure 4d. The
Compton peak energy (~639 eV) has shifted to higher energy
loss compared with Figure 4b, indicating that diffraction of the
outgoing electron beam has been suppressed as expected. The
peak energy is however higher than the kinematical profile
(590 eV), probably due to the slightly larger scattering angle, i.e.
48.6 versus 50.8 mrad. The results highlight the importance of
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both the incident beam and EELS detection geometries on the
measured Compton profile. The former is often limited by the
information required [e.g. J(p,) along certain crystallographic
directions] and may involve strong specimen diffraction condi-
tions, which can nevertheless be partly mitigated by suitable
adjustment of the EELS detection geometry.

The inverse problem of extracting J( p,) from an EELS mea-
surement acquired under strongly diffracting conditions will
now be considered. The relationship between the background
subtracted EELS Compton profile and J(p,) can be expressed in
matrix form as:

I=W]J, (3

where I and J are (m x 1) and (n x 1) column vectors whose ele-
ments represent the Compton profile and J( p,) respectively. W is
a (mxn) coefficient matrix; it gives the contribution of the j
J(p.) value in J to the it energy loss channel in I. Elements of
W follow naturally from equation (2):

W, = I(G)I(Gy) |: Ji i|6(Ei — AE(p.), (4)

J/AE,

where Jj, is the j™ element of J which corresponds to p, value p, "
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and E; is the energy loss corresponding to the i™ element in 1.
Typically, m > n, i.e. the system is overdetermined, and therefore
only a least squares solution can be obtained for J:

] = WI'w)~'wTT, (5)

where “T” is the matrix transpose. It should be noted that J here is
an “isotropic” projected momentum density of states, since any
anisotropy in J( p,) is not reproduced. The procedure for inverting
the data is as follows. First a large enough range for p, is chosen,
such that J(p,) decays to zero within the range. The Compton
profile may have to be extrapolated to higher energy losses to
accommodate the larger p, range. In our case, the maximum
value of p, was set to 10 atomic units, and the Compton profile
extrapolated to 4 keV, where the intensity was negligible (see
Fig. 5a). A power law fit was used for the extrapolation. The
extrapolated section of the Compton profile is smooth, while
the measured part has some level of experimental noise. To
avoid any artifacts this may cause the measured Compton profile
was smoothed using a Savitzky-Golay filter (Savitzky & Golay,
1964) and binned to increase the pixel size from 0.5 to 2.0 eV.
Next the sampling of p, must be chosen; this determines the sim-
ulated energy resolution through equation (1c). The best results
(i.e., minimal noise in J) were obtained when the p, energy

J(pz) (arb. units)

0 2 4 6 8 10
P, (atomic units)

& & i
£ =2} o

Normalised J(p,)

&
o

—— Dynamical inverted
— Kinematical experiment |
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0 1 2

3 & 5

p, (atomic units)

Fig. 5. (a) The experimental dynamical Compton profile and its smoothing using the Savitzky-Golay method. The smoothed profile is extrapolated to 4 keV using a
power law model. (b) The isotropic J(p,) obtained by inverting the dynamical Compton profile. (c) Superposition of the dynamical inverted and experimentally
measured kinematical J(p,) profiles. Some of the extreme outliers in the former have been manually removed and the maximum value of J(p,) normalized for
ease of visualization. Also shown is the Savitzky-Golay smoothed trace of the inverted J(p,) profile.
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resolution matched the pixel size of the Compton profile (2.0 eV).
This is likely related to the Moiré effects discussed earlier (see
Section “Simulation Method”). The p, energy resolution depends
on the Compton peak energy AE,, which is a variable, but here the
AE,, value for the unscattered beam was chosen as a guide, since
for our case the unscattered beam has the highest intensity contri-
bution (Fig. 4c).

The inverted isotropic J( p,) for the dynamical Compton mea-
surement (Fig. 4b) is shown in Figure 5b. There is noise introduced
by the inversion algorithm, although the gross shape of J( p,) is as
expected. In Figure 5¢ the inverted J( p,) is compared with the kine-
matical J( p,) from Figure 3d; some of the extreme outliers in the
former profile have been manually removed for ease of visualiza-
tion. The main J( p,) peak is similar for the two profiles, which sug-
gests the inversion algorithm has removed much of the dynamical
diffraction artifacts. The Savitzky—Golay smoothed, inverted J( p,)
also shows smaller subsidiary maxima at p, values larger than
2 atomic units. Both the kinematical J(p,) profile, and the y-ray
results of Reed & Eisenberger (1972), do not have sufficient sam-
pling in this high momentum region to establish if these weaker
maxima are a genuine feature of the sample, or alternatively, an
artifact of the inversion routine.

Summary and Conclusion

Overcoming diffraction artifacts is crucial if electron Compton
scattering is to be a robust tool for electronic structure analysis
of crystalline materials. Several important breakthroughs were
presented: first, a multislice algorithm was proposed for simulat-
ing the Compton profile measured under strong diffraction con-
ditions. Dynamical scattering of the incident electron beam is
modeled before and after the Compton energy loss event, an
improvement over the simulations of Williams et al. (1987),
which only considered the former. Simulated results agree well
with experiment, although there is scope to improve the accuracy
still further if interference effects can be included (Exner &
Schattschneider, 1996). The simulations highlight the importance
of both the incident electron beam and EELS detection geometries
on the measured Compton profile. The former is restricted by the
specimen diffraction conditions, but the latter can be optimized to
suppress diffraction of the outgoing electron beam. Simulations
are an important tool for assessing the role of dynamical scatter-
ing on Compton profiles, as well as selecting the optimum condi-
tions for measurement. Furthermore, an inversion algorithm is
developed for extracting the isotropic J( p.) from an experimental
Compton profile distorted by dynamical diffraction. The isotropic
J(p.) profile is prone to some noise from the inversion routine,
although the gross features are reproduced. There is scope for
more advanced inversion routines, possibly based on iterative
methods, where the kinematically measured J( p,) profile is used
as an initial solution that is iteratively refined to better fit the
experimental data. A robust inversion algorithm could potentially
be used to remove any diffraction artifacts still remaining after
optimization of the experimental conditions, thereby enabling
Compton data from crystalline materials that are largely
error-free.
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