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Under the assumption of local atomic scattering, elastic electron scattering at finite scattering angles
implies a small but finite energy loss. This energy loss, which under conventional imaging conditions in
high-resolution transmission electron microscopy is of the order of 0.1 meV and thus negligible, increases
by more than 2 orders of magnitude if light elements are investigated at sub-Angstrﬁm resolution. For a
microscope of finite chromatic aberration, the energy loss leads to an element-specific chromatic effect
which increases with the instrument resolution and with decreasing mass of the scattering atom. Despite
that this effect is small, it can degrade the achievable image contrast. However, the effect can be considered
in the optimization of the phase-contrast imaging conditions and even be beneficial to enhance the relative
image contrast of light atoms in the presence of heavy atoms.
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The most common image formation mechanism in high-
resolution transmission electron microscopy (HRTEM)
is based on the elastic interaction of electrons with atoms.
A broad, partially coherent electron beam illuminates
an electron transparent specimen. On transmitting the
specimen the electrons are scattered by the atoms in the
specimen and thus carry at the exit-plane of the specimen
structural information which is then translated into a
projection image of the specimen. Elastic electron scatter-
ing is a coherent process which implies a distinct phase
relation between the incoming and outgoing electron. The
coherence of the scattering process leads to diffraction,
which for crystalline specimens limits the allowed scatter-
ing vectors to a set that is represented by Bragg reflections
in the diffraction plane. Moreover, elastic scattering
demands that the inherent energy state of the scattering
objects is maintained. For this reason it is generally
assumed that the energy of the electron before and after
the elastic scattering process is identical. This assumption
holds well, in general [1]. However, recent progress in
electron optical instrumentation has boosted the imaging
performance. Instrument resolutions near and below
50 pm can nowadays be achieved on dedicated aberration-
corrected transmission electron microscopes [2-4] and
the trend towards higher resolution and higher sensitivity
is unbroken. A condition of the ever increasing resolution
demands is that electrons scattered to higher angles need to
be transferred to the image plane without being negatively
affected by lens aberrations. Along with the increased
resolution and the aberration-corrected optics, a demand
towards using electrons of lower primary energy has
emerged with the aim to minimize knock-on radiation
damage in materials which consist of light elements.
Instead of using primary electron energies of 200 keV or
higher, with the improved optics atomic-resolution imaging
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is nowadays feasible at electron energies of 50 keV and
even lower [5,6]. In order to maintain the resolution at
reduced electron energy, higher scattering angles need
to be considered in the image formation process. With
this technological advancement and future targets [7],
previously irrelevant effects have become relevant and
even resolution limiting [8]. One aspect that has not been
addressed so far is the above-mentioned assumption that
the energy of the elastically scattered electron is fully
preserved. The present work disregards this approximation
and analyzes its impact on the image formation in trans-
mission electron microscopy.

The fact that the momentum and energy transfer by
elastic scattering from the impinging electron to an atom in
a solid can be of importance is reflected in knock-on
radiation damage. A primary electron, which is elastically
scattered to high angles or backscattered, can transfer
sufficient kinetic energy (x5-20 eV) to permanently dis-
place an atom from its position (see, e.g., Refs. [9,10]). The
elastically deposited energy can even lead to the thermal
breakdown of the specimen [11]. Moreover, using 30 keV
electrons, Boersch et al. [12] succeeded to measure atom-
specific energy losses (0.1-5 eV) of electrons scattered
elastically to high angles (> z/4). The work of Boersch
et al. [12] showed that electrons interact with individual
atoms and not with the crystal as a whole, at least when
elastically scattered to high angles. Nowadays, the energy
loss measurable by elastic electron scattering, so-called
electron Rutherford backscattering (ERBS), can be used
for elemental characterization and isotope discrimination
(see, e.g., Refs. [13,14]). Knock-on radiation damage, the
experiments of Boersch ef al. [12], and the feasibility of
ERBS provide evidence that elastic electron scattering at
high scattering angles is localized at the site of the atom.
Should the elastically scattered electrons interact with the
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entire solid, the momentum change of the electron would
be transferred to a large mass and the energy transfer would
thus be too small to cause knock-on radiation damage or to
make it accessible by energy-loss spectroscopy. Hence, for
large scattering angles, elastic electron scattering is local-
ized at the site of the atom resulting in an atom-specific
electron energy loss that increases with the momentum
change of the scattered electron. Assuming that the same
localized interaction takes place at small scattering angles
relevant for HRTEM (typically < 50 mrad), the energy
transfer and the corresponding energy loss must be small,
of the order of 0.1 meV [1]. Moreover, for small scattering
angles it is generally assumed that elastic electron scatter-
ing is not localized at the site of the atom, but that the
electron interacts with the entire crystal, implying that the
energy losses are negligible. This assumption is commonly
supported by the occurrence of interference phenomena
(diffraction). However, considering, as an example, 50 keV
electrons undergoing an energy loss of about 100 meV, the
coherence length (/_12 /AJ, where A is the electron wave-
length) would still be in the range of micrometers and thus
sufficient to allow for interference effects [15]. Hence,
the presence of a small energy loss does not necessarily
imply the absence of diffraction. Moreover, a condition for
considering electron scattering to be localized at the site
of the atom is that OR > 1 [14], where 0 is the (small)
scattering angle (sinf ~ #) and R an interatomic distance
(R =200 pm). Considering a modern low-voltage trans-
mission electron microscope, which enables a resolution of
80 pm at 50 kV (8 = 67 mrad), this condition is essentially
fulfilled.

With the new and future demands in HRTEM of
enhancing the relevant scattering angles in order to advance
the resolution, electron scattering in HRTEM has reached
the regime where elastic electron scattering is considered to
be localized at the site of the atom. Under this assumption,
the impact of small elastic energy losses in HRTEM is
assessed by forecasting the corresponding imaging effects.
This analysis is of relevance for quantitative image inter-
pretation but also for advancing the understanding of elastic
electron scattering. Considering the positive chromatic
aberration of a round electron lens [16], electrons, which
suffered from a small elastic energy loss, experience a
shorter focal length and form a disk of confusion in the
image plane. Therefore, for transmission electron micro-
scopes, which are not equipped with a corrector for the
chromatic aberration, and whose energy spread of the
electron beam is small (monochromated microscopes),
the impact of an energy loss, caused by elastic scattering,
is not necessarily negligible.

We combine a particle model with wave optics to derive
a quantitative description of the above qualitatively dis-
cussed effect. The combination of these two concepts is
solely justified by the goal of deriving the impact of the
elastic energy loss on the image contrast. From the

conservation of momentum and energy, the following
relation for the energy transferred from the electron of
rest mass m, to the atom i of rest mass m; during an elastic
scattering event can be derived [17]

o 2E0(E0 +2meC2) 0

AE(0) 5 sin? X (1)

m;c

The primary electron energy is E, and ¢ the speed of light.
Integration of AE over the entire solid angle, considering
the elastic scattering factor and the atomic density, yields
the energy elastically deposited to the solid [11]. On the
other hand, Eq. (1) describes the energy loss of an electron
which is elastically scattered by an atom i to an angle . For
small values of 6, the sine-term can be approximated by
6 /4. The estimated energy losses in conventional HRTEM
are typically below 0.1 meV [1,17] and thus irrelevant for
the image formation. However, for highest resolution
transmission electron microscopes, where large scattering
angles 6 need to be considered and which aim at observing
light atoms, AE can become of relevance. Considering a
carbon atom (Mgupon = 2 X 10720 kg) which scatters a
50 keV electron to a scattering angle to achieve a micro-
scope resolution of 0.8 A, the elastic energy loss AE of the
electron exceeds 10 meV and thus is in the range of the
energy spread of electron microscopes, which are equipped
with modern electron monochromators [18,19]. Moreover,
the energy loss hardly depends on the primary electron
energy E. For scattering angles corresponding to resolu-
tions of 0.5, 0.8, and 1.0 A, the energy losses are 27, 11,
and 7 meV for E; = 50 keV. Assuming the same instru-
ment resolutions for E; = 300 keV, the corresponding
energy losses increase by less than 0.1%. In order to
evaluate the impact of the elastic energy loss on the image
characteristics, the wave aberration y can be written as [20]

1 1 1 1
2(0.AE) = = C,6° + - C30* + - C50° + = k(AE)C.62.
2 4 6 2
(2)

Only rotationally symmetric aberrations are considered
here. The first three terms on the right-hand side are the
geometrical aberrations, namely, defocus C; and the
spherical aberrations of third (C3) and fifth (Cs) order.
The fourth term in Eq. (2) describes the effect of the
chromatic aberration C,. which depends on the chromatic
parameter k = AE/E,. Hence, the last term accounts for
the impact of an electron, whose energy deviates by AE
from the nominal energy E,, and thus describes the focus
variation with electron energy [20]. It is further assumed
that the electron beam is monochromatic and thus
that the instrument-related chromatic effect is negligible.
Substitution of AE from Eq. (1) in Eq. (2) allows for
eliminating the AE dependence of y and yields
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The C, term describes the coherent chromatic defocus £
offset of elastically scattered electrons. As C, relates to a
chromatic effect of coherently (i.e., elastically) scattered [ .

electrons, it can be understood as a coherent chromatic
effect. It can be seen that a (positive) third-order spherical
aberration C5 and the C, term both have the same angular
dependence and essentially cause the same qualitative
effect. Both (positive) C3 and C, cause electrons, which
are scattered to a finite angle 0, to be focused in front of the
Gaussian image plane. Hence, the factor C, could be
interpreted as an offset of the third-order spherical aberra-
tion C3. However, Eq. (4) reveals that, unlike C3, C, is not
an instrumental optical constant; C, depends on the mass
m; of the atom that scatters the electron. The impact of the
C, term increases with increasing constant of chromatic
aberration C,. and with decreasing mass m; of the scattering
atom. Moreover, unlike the common chromatic effects
in HRTEM, C, slightly increases with increasing Ej.
Considering electrons scattered at carbon atoms and a C.
of 2 mm, C, increases from 191 to 235 nm if the primary
electron energy E| is increased from 50 to 300 keV. Despite
that this value is small, and probably at the edge of the current
precision by which C; can be measured, we nevertheless
analyze its impact on the imaging characteristics.
Simulations were performed assuming an aberration-
corrected 50 kV microscope with C, of 2 mm and an
information limit of 0.8 A, corresponding to a maximum
scattering angle 6 of 67 mrad, with adjustable Cy, C5, and
Cs. This corresponds to a modern transmission electron
microscope with an aberration corrector that allows for
optimizing fifth-order aberrations (see, e.g., Ref. [21]). As
the effect increases with decreasing mass of the scattering
atom, simulations were carried out for graphene for which
the C, parameter amounts to 0.2 gm. The microscope shall
be set up for optimal negative phase contrast [22] yielding
for C|, C3, and C5+ 4.5 nm, —4.0 ym, and +0.8 mm,
respectively. Figure 1 shows two line profiles of the
calculated images of two neighboring carbon atoms in
graphene. One profile is based on a simulation without
considering C, (full line) while the other profile takes the
C, effect as an offset on C; into account (dashed line). The
line profiles reveal that the effect of C, leads to a reduction
of the peak contrast of about 7%. The contrast reduction of
7% for a current state-of-the-art low-voltage microscope
might be difficult to verify. However, for future trans-
mission electron microscopes of enhanced resolution the
effect is strongly amplified. For a 50 kV microscope of
0.5 A resolution the contrast reduction of carbon atoms due
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FIG. 1. Calculated intensity line profiles of two neighboring
carbon atoms in graphene for a 50 kV microscope of 0.8 A
information transfer under optimized negative phase contrast
conditions. The full line shows the intensity without considering
C,, while the dashed line includes a C, effect of 0.2 ym.

to C, amounts to about 50%; see Fig. 2. Importantly, a
suitable adjustment of C3 could compensate for the contrast
reduction due to C,. However, as C, depends on m;, this
adjustment is only feasible if only one element is present.

Figure 3 shows an atomic model (a) and simulations
(b)—(d) for a graphene sample which contains a gold
substitutional atom [23]. The simulations were carried
out based on an independent atom model for a 50 kV
microscope of 0.8 A resolution. The simulation in Fig. 3(b)
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FIG. 2. Radial intensity profiles of calculated phase-contrast
images of carbon atoms. The C; were calculated for optimal
negative and positive phase contrast according to Lentzen [22]
for a 50 kV microscope of 0.5 A information transfer;
Cy = £1.75 nm, C3 = F610 nm, and C5 = £46.4 ym. Adding
the effect of C, (0.5 um) reduces the image contrast of the carbon
atom for both positive and negative phase contrast by about 50%.
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FIG. 3. (a) Atomic model used for the simulations; Au atom
(large, blue) and carbon atoms (small, green). (b) Simulated
image for optimal negative phase contrast which does not
consider C,. (c¢) Simulated image for optimal negative phase
contrast which takes the C, effect into account. (d) Simulated
image for optimized imaging conditions for carbon atoms when
considering the C, effect (see text). The images are displayed on a
temperature color scale which, in order to visualize the relative
image contrast of carbon and the gold atoms, is normalized to the
peak intensity of Au atoms.

does not consider the effect of C,, while Fig. 3(c) takes C,
into account. A small reduction in contrast of the carbon
atoms in Fig. 3(c) is observable, as already documented in
Fig. 1. As the C, values for gold and carbon are different
(11 nm for Au vs 191 nm for C), C3 cannot be adjusted to
correct for the element-specific C, effect. On the other
hand, as C, results in element specific imaging character-
istics, it can be used to enhance the contrast of light
elements in the presence of heavy ones. This is demon-
strated in Fig. 3(d). The imaging conditions were adjusted
such that together with the preset C; value the offset due to
C, results in optimal imaging conditions for carbon atoms.
This, of course, implies that the C5 value is suboptimal for
imaging the Au atom. By interference of the spherical
waves emerging from the gold and the carbon atoms, the
suboptimal imaging condition of the Au atom leads to an
apparent elongation of the adjacent carbon atoms. For the
case shown in Fig. 3(d) the peak intensity of the carbon
atoms can be enhanced by about 20% compared to the peak
intensity of the Au atom. This relative contrast enhance-
ment is clearly visual when comparing Fig. 3(c) with 3(d)
and it could already be experimentally verified on present-
day microscopes provided the imaging parameters can be
set with sufficient precision.

Another, however future, possibility of exploring the
effect of C, concerns the case where the elastic energy loss
and the corresponding effect due to C, is used for
discriminating different isotopes.

Experimental verification of the C, effect is possible, but
might still be out of reach with the current generation of
electron microscopes. The effect of C, could be measured
by precisely assessing the (effective) C3 on two different
(thin) samples, one consisting of heavy elements and one
consisting of a light element, using a geometrical (but
not chromatic) aberration-corrected transmission electron
microscope. Should the effect of C, be of significance, the
measurement of the effective C; on the light sample would
lead to a slightly larger value. However, as the C, effect
emerges (isotropically) in the sample, while the Zemlin
tableau assesses the optical behavior of the instrument as a
function of beam tilt, the effective C3 cannot be measured
by the Zemlin tableau method. Nevertheless, the effective
C; could be determined based on the image intensity
(see, e.g., Ref. [24]) as outlined in Fig. 3. For a reliable
assessment of C,, the precision of the measurement would
need to be of the order of a few tens of nanometers or better.
Currently, this is very difficult to achieve, especially
regarding the limited lifetime of the optical state of
state-of-the-art microscopes [25]. Moreover, incoherent
inelastic scattering contributions can affect the image
contrast. Because of their incoherent nature they do not
contribute to C,, but can impair the precision by which the
effective C3 can be measured. An alternative method to
indirectly verify the effect of C, is to measure the energy
loss of Bragg diffracted beams, similar to the experiments
of Boersch et al. [12], but for small scattering angles. In
order to reliably measure angle-dependent energy losses of
the order of 10 meV, a monochromated microscope of high
energy resolution would be required [18,19].

Under the assumption that elastic electron scattering is
localized at the site of the atom, we can conclude the
following points. Even when considering elastic electron
scattering only, an ideal monochromatic and a chromatic
aberration-corrected microscope are not equivalent as the
latter does not show the C, effect. Regarding the wave
aberration function, C, has the same angular dependence
as the third-order spherical aberration C;. Unlike Cs, C,
depends on the mass of the atom that is involved in the
scattering process. Therefore, C, can be fully compensated
by a suitable choice of Cs, but only for the case that there is
one atomic species present in the sample. As the C, effect
increases with decreasing atomic mass, a suitable choice of
the isotropic aberration constants (C;, Cs, and Cs) allows
for element-specific enhancement of the relative image
contrast of light elements. For multiple elastic scattering
in samples of finite thickness, the energy losses of the
individual elastic scattering events add up and the angular
dependence of the energy loss is not describable by Eq. (1)
anymore. The coherent chromatic effect C, is small, but
it might be of relevance for future aberration-corrected
electron microscopes with C. # 0, which aim for deep
sub—;\ngstrbm resolution particularly at low acceleration
voltages.
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