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ABSTRACT

We report the influence of multiple plasmon losses on the dynamical diffraction of high-energy electrons, in a scanning transmission electron
microscopy (STEM) study. Using an experimental setup enabling energy-filtered momentum-resolved STEM, it is shown that the successive
excitation of up to five plasmons within the imaged material results in a subsequent and significant redistribution of low-angle intensity in
diffraction space. An empirical approach, based on the convolution with a Lorentzian kernel, is shown to reliably model this redistribution in
dependence of the energy-loss. Our study demonstrates that both the significant impact of inelastic scattering in low-angle diffraction at ele-
vated specimen thickness and a rather straightforward model can be applied to mimic multiple plasmon scattering, which otherwise is cur-
rently not within reach for multislice simulations due to computational complexity.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129692

Due to its excellent spatial resolution and the inherent capability of
multidimensional characterization, scanning transmission electron
microscopy (STEM) is a key technique for the precise characterization
of materials down to atomic resolution. In particular, quantitative
STEM approaches based on multislice simulations,”” including thermal
diffuse sca'rtering,‘%‘/l enabled the measurement of thickness, strain, and
chemical composition” ” by comparison of the experimental high-angle
scattering with composition- and thickness-dependent simulations.
Furthermore, the introduction of ultrafast cameras’ > provided access
to the detailed distribution of intensity in momentum space, containing
both high- and low-angle scattering. Consequently, the momentum-
resolved STEM (MR-STEM) technique evolved to be a promising can-
didate for the comprehensive characterization of nanostructures by
exploiting the details of diffraction patterns recorded in dependence of
the probe position, over a wide range of scattering angles.

Nevertheless, early work'” revealed a dramatic mismatch between
state-of-the-art quasi-elastic simulations and experiments at scattering
angles below 50 mrad. Subsequent studies'*'” elucidated the relevance

of inelastic scattering, in particular, due to plasmon excitations.
Specifically, single plasmon scattering involves the application of a
transition potential to the elastic wave function at a variety of positions
in the volume of the specimen, the elastic propagation of all emerging
waves down to the specimen exit face separately, and their incoherent
summation."* Tt follows that multiple plasmonic excitations could be
included through the application of the same scheme in a nested man-
ner. Nevertheless, due to the resulting computational complexity, sim-
ulations are currently usually limited to the single plasmon excitation
case. Consequently, quantifying the effect of multiple plasmon scatter-
ing on the intensity distribution at low scattering angles both experi-
mentally and conceptually suggests itself as a prerequisite for
employing the wealth of low-angle information to augment quantita-
tive material characterization.

In this work, a dedicated MR-STEM setup in an aberration-
corrected Hitachi HF 5000 microscope operated with an acceleration
voltage U = 200 kV is used to record diffraction patterns in depen-
dence of scan position and energy-loss, at atomic spatial resolution.
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To this end, an ultrafast Medipix Merlin4EM camera’ was mounted
behind an energy-filtering and imaging device (CEFID, CEOS Ltd.)."®
A scan pixel size of 22 pm and a dwell time of 1 ms per scan position
were used, while the semi-convergence angle was set to 20 mrad, lead-
ing to a Rayleigh resolution of approximately 76 pm. A TEM lamella
of bulk Al prepared by focused ion beam milling was imaged in the
[100] zone axis in two different regions, denoted by A and B in the fol-
lowing. The local thicknesses were determined using the log-ratio
approach.'”'® Here, the division of the unfiltered by the elastic signal
yielded ratios of 1.74 and 14.68 for regions A and B, respectively.
Using an inelastic mean free path of A = 134 nm,'"” this results in
local specimen thicknesses of (A) 74 and (B) 360 nm. An example elec-
tron energy-loss (EEL) spectrum taken close to region B is shown in
Fig. 1, where the first five plasmon peaks are clearly visible at multiples
of approximately E = 15.3 eV energy-loss corresponding to a single
plasmon excitation. Several MR-STEM datasets were recorded with
10 eV-wide energy windows centered on the zero-loss peak (ZLP) and
on the individual plasmon peaks PL 1 to PL 5. It is noteworthy that
the energy range of 10 eV per window was chosen to ensure that each
recording would contain only electrons associated with the respective
plasmonic peak.

The effect of energy-loss on the scattered intensity is first studied
via position-averaged convergent beam electron diffraction (PACBED)
patterns obtained in regions A and B, for each energy-loss separately. In
the plasmon-loss case, this is justified because the excitation is delocalized
in real-space. In order to visualize the effect in a compact manner, the
angular dependence was calculated by averaging the PACBED intensities
azimuthally as well, as shown in Fig. 2(a) for dataset A. Electron-optics-
related elliptical distortions at the level of the detector were accounted for
by an anisotropic coordinate frame for the scattering angles.”””' Note
that the azimuthal integration forms the basis for angle-resolved STEM
(AR-STEM), which initially revealed the importance of inelastic scatter-
ing employing annular detectors."”** By convention, the data are nor-
malized to the incident intensity I and to the solid angle.

It is instructive to analyze the angular intensity distribution in
dependence of increasing energy-loss, as presented in Fig. 2(a). Within
the Ronchigram below 20 mrad, the intensity remains almost constant
and is separated from the dark field via a step-like drop. This step is

30.6 45.9 61.2 76.5
Energy-loss [eV]

FIG. 1. Energy-loss spectrum of an Al specimen with a thickness of approximately
360 nm. The zero-loss peak corresponds to elastically scattered electrons, while
electrons detected in the plasmon-loss peaks PL 1-5 have excited 1-5 plasmons
while passing through the specimen. The energy windows at which MR-STEM data
were recorded are indicated as well.
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sharpest for elastically scattered electrons contained in the ZLP and
consecutively smears out with an increasing number of excited
plasmons. In particular, the Ronchigram border is barely visible in the
log-scale plot after five plasmon excitations. The ratios of the angular
scattering of subsequent plasmon excitations are plotted in Fig. 2(b).
This explicitly shows that each energy-loss obeys its own angular
behavior, such that multiple plasmon scattering can have a significant
impact in AR-STEM if the specimen thickness is large enough to yield
significant intensity in the respective plasmon peaks.

Also in 2D, the PACBED patterns in Fig. 2(c) obtained for the dif-
ferent energy-losses suffer from a strong blurring of sharp features pre-
sent in the elastic ZLP data, which is amplified at each energy-loss.
Finally, the loss-dependent bright field (BF) STEM images in Fig. 2(d)
are obtained by summing all detected electrons within the primary
beam. Although decreasing, elastic contrast and atomic resolution are
preserved in real-space”””* with an increasing number of plasmon exci-
tations. Indeed, the co-occurrence of elastic and inelastic scattering
ensures that, within an electron wave having lost energy at a certain
point of its propagation through the specimen, interference of the Bragg
beams still occurs in the far-field. In the present study, the atomic-
resolution BF data confirms the stability of instrument and specimen
throughout the recordings making up the five-dimensional dataset.

The results obtained in the approximately five times thicker
region B are given in Fig. 3. Qualitatively, the same arguments hold as
to the loss-dependent subsequent angular broadening. It should be
noted that inelastic scattering involving one to four plasmon excita-
tions exceeds the elastically scattered number of electrons, as seen in
Fig. 3(a). Whereas such elevated thicknesses are beyond common
STEM applications, on the one hand, they are still used in quantitative
convergent-beam electron diffraction; on the other hand, where the
alleviation of inelastic scattering effects is often required.”” Here, the
thicknesses of 74 and 360 nm, respectively, serve as common and
extreme cases to check the reliability of the empirical description of
the momentum transfer associated with plasmon-losses, as presented
in the following.

In that respect, it is relevant to recall the implication of the angle-
dependent ratios in Figs. 2 and 3(b). If inelastic scattering had not
changed the angular dependence of the scattered intensity, the ratio
would be constant, that is, solely the energy of the electrons would
change without any momentum transfer. For single inelastic scatter-
ing, earlier work'“*?° utilized the convolution of simulated diffraction
patterns with a kernel derived from a transition potential as an
approximation to an explicit inelastic simulation including dynamical
scattering. This approximation consists of assuming commutativity of
propagation and transition potential for inelastic scattering within the
multislice model.'* Here, a Lorentzian kernel L;(q) according to the
dipole approximation™ is used as follows:

L
Li(q) =p1 (ﬁoq}%) ) (1)

where p; represents the probability to excite a plasmon, L, is a normal-
ization factor and g is a spatial frequency characteristic for the
energy-loss. In the present case, a theoretical value gx = 0.0153 nm ™"
can be obtained from”’

1.
qe = 7sin <ﬁ)’ (2)
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FIG. 2. Results of the energy-filtered MR-STEM experiments performed in region A with a thickness of 74 nm. (a) Position- and azimuthally averaged angular dependences of
scattered intensity, per Sr, and normalized to /o, for the unfiltered (UF) case, zero-loss-peak (ZLP) and up to five plasmon excitations (PL 1-5). (b) Angle-dependent ratio of suc-

cessive inelastic intensities from (a). (c) PACBED patterns. (d) BF images.

with 2 being the electron wavelength and e being the elementary
charge. The dipole approximation is typically valid up to angles
between 10 and 20 mrad, where L, is cut off”® Assuming that the dif-
fraction pattern for a single plasmon-loss can be derived from a quasi-
elastic simulation Ipp(g) employing the frozen phonon multislice
approach, it is given by

14 (@) = Ire(§) @ Lu(q) 3)

and the zero-loss pattern is obtained by

I(§) = (1 = p1) - Ier (§), 4)

being the original simulation with the first plasmon-loss intensity
removed. To account for multiple plasmon scattering and obtain

—

19(7), Eq. (3) must be applied recursively by convolving I (7)
with a kernel L, (g). It is reasonable to assume L, (§) = Li(q) since
each plasmon scattering event obeys the same underlying physics. By
using the Fourier convolution theorem, the dependence of scattered
intensity after n plasmon-losses is straightforwardly obtained from a
simulation Irp(g) via

1@ =7 | Fllw@)F) 1L0)" ] @, (5)

with L, (r) being the Fourier transform of L, (¢). This indicates a decay
of the plasmon scattering according to pf, for which p;
=1— e has proven applicable with Ap being the mean free path
for plasmon scattering and ¢ being the specimen thickness. For bulk
Al a value of Ap = 160 nm can be employed,'” leading to p; ~ 0.37
for region A and p; ~ 0.89 for region B.

Multiple plasmon scattering is dominant in region B, which
makes it a suitable example to study to which extent a quasi-elastic fro-
zen phonon multislice PACBED simulation for 360 nm-thick Al
[100], in combination with Eq. (5), can represent the experimentally
observed angular broadening. The black curve in Fig. 4(a) represents
the radial intensity per solid angle of the native simulation Igp, of
which only 11% remain in the elastic signal (ZLP) shown in blue.
Scattered intensities calculated for up to five subsequent plasmon exci-
tations with gz = 0.015nm ™' (corresponding to 5 pixels in the simu-
lation) are depicted too. They show an exponential decay of intensity
with the number of plasmons according to p}. Furthermore, a strong
angular broadening affects the Ronchigram edge at 20 mrad. By sum-
ming up the elastic (ZLP) signal and all plasmon-losses, the red curve
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FIG. 3. Results of the energy-filtered MR-STEM experiments performed in region B with a thickness of 360 nm. (a) Position- and azimuthally averaged angular dependences
of scattered intensity, per Sr, and normalized to Iy, for the unfiltered (UF) case, zero-loss-peak (ZLP) and up to five plasmon excitations (PL 1-5). (b) Angle-dependent ratio of

successive inelastic intensities from (a). (c) PACBED patterns. (d) BF images.

is obtained, which can be interpreted as the simulated unfiltered (UF)
angular dependence. Note that both features and magnitudes of the
simulations based on the convolutional approach fit the experimental
counterpart in Fig. 3(a) rather well. Differences in the scaling of the
individual plasmon contributions are expected due to the small width
of the energy windows which do not include the respective plasmon
peaks completely.

The dependence of the plasmon-loss-induced angular broaden-
ing on specimen thickness suggests an analysis of the number of
excitations that need to be considered at a given thickness, which is
presented in Fig. 4(b). For thicknesses between 90 and 360 nm, the
angular dependencies have been calculated as in Fig. 4(a), however,
by taking only 0, ...,4 plasmon-losses into account to calculate the
unfiltered result. Then, the difference Al to a simulation 1%, includ-
ing five plasmon excitations, was calculated. For the material and
thickness range dealt with here, this can be regarded as converged
owing to Fig. 1. Figure 4(b) depicts the relative error AI/I® in
dependence of scattering angle, specimen thickness, and number of
losses included.

Whereas the neglect of plasmon excitations leads to errors of
up to 50% in all cases, taking only the broadening due to a single

excitation into account is already sufficient for 90 nm thick specimens.
For a thickness of 180 nm, the error becomes low if two plasmon-
losses are considered. At even higher thicknesses, including three exci-
tations appears sufficient. Of course, these conclusions depend on the
characteristic spatial frequency qp and the mean free path Ap.
However, the former does not vary strongly among a wide range of
materials, such that the thicknesses in terms of Ap in Fig. 4(b) should
provide a rather general guide for the number of plasmons to consider
in an AR-STEM experiment.

Furthermore, the experimental results presented in Figs. 2 and 3
can be exploited directly in an empirical verification of the applicability
of a Lorentzian function to represent the redistribution of intensity
due to inelastic scattering. Since the PACBED patterns corresponding
to individual energy windows can be identified as the I, ;,2) intensities,
according to the model given here, they could be used to perform a fit-
ting of the L1 (q) function, by adjustment of a parametric q; and min-
imization of the sum of squared difference.”” It is noteworthy that,
because of the loss of intensity due to the small width of the energy
windows, it is not expected to obtain a perfect agreement in the value
of p;, excitation-wise. For this reason, the fitted Lorentzian was multi-
plied by a coefficient, itself being adjusted for each individual
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FIG. 4. (a) Simulated angular dependence for 360 nm specimen thickness in dependence of the energy-loss, based on a frozen phonon multislice result. Lorentzian parame-
ters were g = 0.015nm " with a cutoff at 15 mrad. (b) Simulated relative error when 0-5 plasmons are included in dependence of scattering angle and specimen thickness.

The case with 5 plasmon excitations included is considered as unfiltered.

transition. Although the convolution was performed using the two-
dimensional diffraction patterns, the difference was obtained from the
one-dimensional angular dependencies. The cutoff of the Lorentzian
was set to 15 mrad.

Values extracted for gy are 0.0221nm ' in region A and
0.0214nm™" in region B, the fit being concluded with an average rela-
tive error of (A) 3.92% and (B) 6.38%. Those experimentally deter-
mined characteristic scattering angles only lead to a marginal
improvement of 0.5% of the fit as compared to the theoretical value of
0.0153 nm ™" The reason is the finite and rather large sampling of dif-
fraction space by the pixels imposed as a constraint from the camera.
With this shallow minimum in mind, one can conclude that the
convolution-based model using the theoretical characteristic spatial
frequency g represents the experiments rather well. It is also notewor-
thy that the quality of fit is generally higher for the region A data,
which can be related to the higher intensity of the corresponding dif-
fraction patterns. This is, in turn, due to the lower thickness traveled
by the electrons within the material, ensuring that a smaller proportion
of those are scattered beyond the camera range, mainly due to thermal
diffuse scattering,

To conclude, we demonstrated the successive broadening of fea-
tures in diffraction patterns of high-energy electrons due to the excita-
tion of multiple plasmons. An experimental setup has been
demonstrated to collect momentum- and energy-resolved STEM data
efficiently and routinely using contemporary ultrafast cameras. The
validity of a computationally efficient, empirical approach to account
for the momentum transfer associated with multiple plasmon excita-
tions has been demonstrated in experiment and extensive multislice
frozen-phonon simulations. This finding suggests that, even if an
inelastic scattering event occurs within a 3D volume and is hence fol-
lowed by elastic dynamical scattering, the assumption of commutativ-
ity'" in the multislice model remains reasonable when considering
azimuthal intensity averages in diffraction patterns. As a consequence,

the inherent computational complexity of accurately representing
inelastic scattering could be alleviated by substituting the rigorous
description, involving the propagation of mutually incoherent waves,
with a series of convolution steps performed on a conventional simula-
tion. With a significant improvement of the agreement of low-angle
scattering in experiment and simulation in a straight-forward model
to be applied after conventional quasi-elastic simulations, the quantita-
tive evaluation of low-angle scattering becomes within reach. In partic-
ular, this addresses the evaluation of the local chemical composition of
several constituents in a specimen simultaneously by exploiting their
individual fingerprints at characteristic angles in an angle-resolved
STEM setup.”’
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