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Imaging High-Energy Electrons Propagating in a Crystal
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It has recently become possible to focus a beam of high-energy electrons to a spot smaller than an atom,
with vast potential for the study of condensed matter. We devise an experiment that can image, with
subangstrom resolution, the distribution of such an electron beam as it scatters within an atomic lattice.
Our experiments reveal the acute sensitivity of the scattered electron distribution to 0.1 A shifts of the
impact point. Scattering due to plasmon excitations is also examined. Implications for the study of the
atomic and electronic structure of condensed matter are discussed.
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Recent advances in electron optics have enabled high-  The “probe corrector” enables the formation of an electron
energy electron beams to be focused to a spot smaller than ~ beam the order of 1 A in diameter, while the “‘image
an atom [1,2]. These are being used in scanning trans- corrector” ensures the faithful transfer of tlle scattered
mission electron microscopes to image the atomic structure ~ beam onto the image plane with better than 1 A resolution
of condensed matter with subangstrom resolution [3-8], (see supplementary material [18]).
bringing fundamental new insights into structure-property Figure 2 shows an example of the experimental se-
relationships across the physical sciences; see, for ex-  quence and output using an incident electron beam with

ample, [8—16]. Here we devise experiments to image, for
the first time, the distribution of a high-energy atomic-
sized electron beam after scattering by atoms inside a
crystal. The images resolve detail smaller than an ang-
strom, revealing the relationship between the incident Probe-forming
beam position and the scattered electron distribution and lenses
identifying which atoms are “‘sampled” by the beam. We

also extend this method to measure the distribution of
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electrons that have excited a plasmon for different posi- o o % %%%
tions of the incident beam within a unit cell of LaBg. This o &’g;g; 9955
B : Gold >
offers a new approach for characterizing the local atomic &) ﬂg@? °
)

structure of materials with the prospect of isolating infor-
mation from individual atoms.

The experimental concept is illustrated in Fig. 1. A beam Image-forming
of high-energy electrons is focussed to a spot smaller than lenses
an atomic radius. This electron beam is positioned at
selected lattice sites on or between atoms within a foil of Charge-Coupled

Device

gold, approximately 60 atoms thick. The electrons scatter
strongly from the electrostatic potential of the gold, and the
resulting distribution of scattered electrons is imaged in
“real” (or ‘“‘coordinate’) space, at better than atomic
resolution. The optical plane at which this image is in
focus can be selected and is chosen to be the same as the
focal plane of the incident electron beam.

This electron-optical configuration takes advantage of a

FIG. 1 (color online). Schematic of the experimental configu-
ration. An electron beam, smaller than an atom, is focused onto
or between atoms in gold. The resulting distribution of scattered
electrons inside the gold crystal is imaged in the image plane
revealing features at subangstrom resolution. (The image is

new generation of ultrastable transmission electron micro- recorded with the charge-coupled device). An annular RSTEM
scope (TEM) fitted with an “aberration corrector” [1,17] image can be formed by scanning this beam and recording the
on both the probe and image forming lens systems.  intensity reaching the annular detector at each scan position.
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FIG. 2 (color online).
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Imaging the intensity distribution in real space of an electron beam after scattering from gold (140 A thick,

(111) orlentatlon) [Clrcles mark atomic positions and correspond to 1 A diameter. a)—(c) are scaled equivalently.] (a) Annular RSTEM
image used to “map”’ atomic positions. Arrow marks the path along which the incident beam was scanned, as labeled in (b).
(c) Intensity distribution in real space of the electron beam after scattering from gold, corresponding to the incident beam positions
(1)—(10) in (b). (d) Number of electrons counted by the annular detector in real space at each incident beam position.

a 1.3 A FWHM (see supplementary material for experi-
mental conditions [18]). In the first part of the experiment,
the position of atomic columns in the crystal with respect
to the electron beam position must be established. We
achieve this by using a new imaging method (see supple-
mentary material [18] and [19]) which we have called
“real space scanning transmission electron microscopy”
or RSTEM. RSTEM images are created by inserting de-
tectors centered on the optic axis in the image, or real
space, optical plane and then measuring the integrated
signal at each point as the electron beam is scanned across
the specimen (Fig. 1). For the present task, we use a
detector in the geometry of an annulus. The annular
RSTEM imaging mechanism generates intensity maxima
at atomic positions (see supplementary material [18]). This
enables us to map the position of the atomic columns
[Fig. 2(a)] and then position the electron beam with respect
to these, without having to alter the precisely configured
optical alignment required for the primary experiment.
Equipped with this “map” of atomic positions
[Fig. 2(a)], the electron beam is scanned along a line
nominally between two equivalent symmetry points within
the crystal’s unit cell, as specified on the annular RSTEM
image [Fig. 2(a)] and labeled on the schematic [Fig. 2(b)].
The resulting scattered intensity distribution [Fig. 2(c)] of
the propagated beam was recorded at approximately 0.3 A
steps during the scan using a charge-coupled device lo-
cated on the optic axis (Fig. 1). At the same time, the
intensity hitting the annular detector was recorded
[Fig. 2(d)], in order to monitor for any deviation from the

path prescribed in the original RSTEM image and
unequivocally relate the position of the beam with the
atomic position at each point in the line scan. The experi-
ments were conducted in ultrastable environments [20,21]
and we found that the experimental observations were
reproducible over many similar scans.

Figure 2(c) shows the resulting images of the scattered
electron intensity distribution versus electron beam posi-
tion. These experiments enable us to ‘‘see inside’ the
crystal and visualize exactly how the electrostatic potential
modulates the incident focused wave field. The images
represent the intensity distribution at the exit face of the
crystal imaged at the focal plane of the incident electron
beam, given by (ignoring aberrations)

ik(x*> + y?)

W, y)I? =
Wi, ) i

I()C, y) = \Pexit(x’ y) ® exXp

where W (x, y) is the wave function in coordinate space
at the exit face of the crystal and Az is the distance from the
exit face to the focal plane of the imaging system, which is
coincident with the focal plane of the incident beam. In
other words, the image represents the intensity distribution
of the exit wave function after undergoing Fresnel diffrac-
tion back to the chosen conjugate image plane, which in
this case lies within the crystal and is coincident with the
focal plane of the incident beam.

The diameter of the incident electron beam used here
(1.3 A FWHM) is comparable to the atomic radius of a
gold atom. It is evident that the scattered intensity
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distribution is acutely sensitive to even 0.3 A shifts in beam
position, even though the beam itself is about 4 times larger
in diameter. When the electron beam is positioned at a
point of high crystallographic symmetry, this fact is re-
flected in the resultant scattered electron distribution, such
as the images taken near the sixfold, threefold, and twofold
sites in Fig. 2(c), image (10), images (5) and (7), and image
(6), respectively.

Crucially, these images provide the first direct experi-
mental evidence that the electron probe rapidly disperses
onto and between the atomic columns adjacent to the initial
probe position, as has been predicted by theory [22-26].
This understanding is vital for deriving structural and
bonding information about the specimen at the highest
possible spatial resolution from conventional atomic reso-
lution STEM images and electron energy-loss (EEL) spec-
tra. Conventional STEM images and EEL spectra provide
images of the position, composition, and bonding of
atomic columns projected in the electron beam direction.
To extract information about the structure, composition,
and bonding in the third dimension (along the beam direc-
tion) from these two-dimensional data sets, it is critical to
understand from which atoms the incident electron beam
has scattered. These images of the electron distribution
equip us with the information necessary to derive high-
resolution three-dimensional structural information from
these two-dimensional data sets.

It is possible to relate the scattered intensity distribution
in real space [Fig. 2(c)] with the intensity reaching the
annular detector in real space from the corresponding
annular RSTEM line profile [Fig. 2(d)]. For example, it
is evident that the greatest intensity reaches the annular
detector when the beam is located on the atom column
[Fig. 2(c), images (1) and (10)], where it is expected there
is the largest change in transverse momentum, and hence,
position at the exit plane (due to a higher probability of
phonon and Rutherford scattering—see supplementary
material [18]). Similarly, the intensity is at its lowest
when the beam is at the midpoint between three nearest-
neighbor atoms and furthest from any atom. In addition,
there is a small local maximum when the beam is located at
the midpoint between two nearest-neighbor atoms, where
the nearest atoms are not quite as far as in the threefold
case. The corresponding image of the scattered electron
distribution reveals that there is some scattering onto the
atoms adjacent to the beam position, giving rise to the local
maximum, even though the incident beam is positioned
away from an atomic column. These experiments prove
directly that the change in transverse momentum, and
hence position, decreases as the beam moves away from
an atom core.

To verify our interpretation of these images, the electron
intensity distribution in real space was calculated using
parameters consistent with the experimental conditions
used in Fig. 2 (see supplementary material [18]). The
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FIG. 3 (color online). Computed electron intensity distribution
in real space of an electron beam after scattering from gold in the
(111) orientation, calculated using parameters consistent with
the experimental conditions in Fig. 2. Panels (a)—(c) correspond
to different incident electron beam positions, as marked by the
red spot, being the sixfold, threefold, and twofold symmetry
sites, respectively. Circles indicate atomic positions and are 1 A
in diameter.

calculations shown in Figs. 3(a)-3(c) correspond to differ-
ent incident electron beam positions, the sixfold, threefold,
and twofold symmetry sites, respectively, and are consis-
tent in form with the corresponding experimental images in
Fig. 2(c) [images (10), (5) and (7), and (6), respectively].

As an extension of the experiments described above,
images were obtained of the distribution in real space of
high-energy electrons associated with the excitation of a
plasmon in a LaBg specimen. These images were obtained
by inserting an energy-filtering slit centered on the plas-
mon energy loss at 29 eV (Fig. 4). As before, the probe and
imaging systems were focused on the same plane with
respect to 300 keV electrons. However, in this case the
final images are generated by scattered electrons with a

FIG. 4 (color online). Intensity distribution in real space of the
electron beam after scattering from the 29 eV plasmon in (100)
LaBg. Panels (a)—(c) correspond to the incident beam positions
indicated in the schematic (d) which shows the LaBg structure in
the (100) projection. Dark gray (red) circles indicate lanthanum
atoms, light gray (yellow) circles indicate boron atoms. The
arrow in each figure marks the (100) direction.
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different wavelength to the incident electron beam, so that
the resulting images are defocused with respect to those
presented earlier. The resultant intensity distribution re-
flects the symmetry of the initial-state elastically scattered
wave function which created the plasmon excitation [27].
The local site symmetry of the incident probe position is
clearly evident in the resultant image of the distribution of
plasmon-scattered electrons. This observation is in agree-
ment with the notion of a plasmon as a quantum excitation
that is delocalized on the scale of the crystal lattice, that is,
an entity without atomic-scale features. The scattering
from such a delocalized excitation does not introduce
significant changes in the atomic-sized electron wave
field; hence, the local site symmetry of the elastically
scattered wave function is preserved in the plasmon-
filtered images [27].

In summary, we have imaged, for the first time and with
subangstrom resolution, the distribution in real space of a
high-energy electron beam that has been scattered by
atoms inside a crystal. These results provide new insights
into the physics of electron scattering in matter. In particu-
lar, the images reveal where the electrons are scattered
within the lattice relative to their initial position, identify-
ing exactly which atoms within the specimen they interact
with. We also measured the distribution of electrons that
have excited a plasmon inside a LaBg crystal.

Imaging the electron distribution in real space at sub-
angstrom resolution offers an entirely different way to
harness information about the specimen and introduces
the possibility of identifying information from specific
atoms inside a material.

These images also provide critical information for the
interpretation of conventional electron microscope images
and electron energy-loss spectra (EELS). While conven-
tional atomic resolution STEM images and EELS maps are
extremely powerful, providing striking two-dimensional
images, the ultimate goal is to characterize individually
each of the atoms within the three-dimensional atomic
structure. This requires a precise understanding of how
the electron beam scatters and propagates within matter
so that we can correlate atomic and electronic structure
images with the specific atoms that have generated the
image, enabling the extraction of atomic- and electronic-
structural information at the highest resolution in three
dimensions. It is anticipated that this new imaging method
will advance the understanding of atomic-scale structural
features in condensed matter, with significant applications
across the physical sciences and materials research.
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