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MATERIALS SCIENCE

Atomic electron tomography: 3D
structures without crystals

Jianwei Miao,* Peter Ercius, Simon J. L. Billinge

BACKGROUND: To understand material prop-
erties and functionality at the most fundamen-
tal level, one must know the three-dimensional
(3D) positions of atoms with high precision. For
crystalline materials, x-ray crystallography has
provided this information since the pioneering
work of Max von Laue, William Henry Bragg, and
William Lawrence Bragg around 100 years ago.
But perfect crystals are rare in nature. Real ma-
terials often contain defects, surface reconstruc-
tions, nanoscale heterogeneities, and disorders,
which strongly influence material properties and
performance. Completely different approaches
from crystallography are needed to determine
the 3D atomic arrangement of crystal defects
and noncrystalline systems. Although single-
particle cryo-electron microscopy (cryo-EM)
has been under rapid development for 3D struc-
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ture determination of macromolecules with
identical or similar conformations at near-atomic
resolution, this method cannot be generally applied
to the physical sciences for the following three
reasons. First, most materials do not have identical
copies and cannot be averaged to achieve atom-
ic resolution. Second, a priori knowledge of the
peptide sequence and stereochemistry in pro-
tein molecules greatly facilitates their 3D atomic
structure determination, but this knowledge is not
applicable to physical science samples. Third, un-
like in biological specimens, the presence of dif-
fraction and phase contrast in the transmission
electron microscopy images of most materials
poses a challenge for tomographic reconstruc-
tion. These difficulties have made the objective
of solving the 3D atomic structure of crystal de-
fects and noncrystalline systems a major chal-

3D grain boundaries

Dislocation core

Individual atom coordinates

Atomic electron tomography (AET) and its transformative impact on the physical sciences.
(Top) Schematic diagram of AET, in which 2D images are measured with an advanced electron microscope
by tilting a sample to many different orientations. The 3D structure of the sample is iteratively reconstructed
from the images, and the coordinates of individual atoms are localized. (Bottom) AET enables 3D imaging
of crystal defects—such as grain boundaries, stacking faults, dislocations, and point defects—at atomic
resolution. The ability to precisely determine the 3D coordinates of individual atoms allows direct
measurements of atomic displacements and the full strain tensor in materials.
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lenge for structural characterization in the
physical sciences.

ADVANCES: Major developments in aberration-
corrected electron microscopes, advanced detec-
tors, data acquisition methods, powerful 3D

image reconstruction, and
atom-tracing algorithms
Read the full article have Plaoed one method—
at http://dx.doi. atomic electron tomogra-
org/10.1126/ phy (AET)—on the cusp of
science.aaf2157 this breakthrough. In recent
years, AET has been used
to image the 3D structure of grain boundaries
and stacking faults and the 3D core structure
of edge and screw dislocations at atomic reso-
lution. This technique has also revealed the
existence of atomic steps at 3D twin boundaries
that are hidden in conventional 2D projections.
Furthermore, the combination of AET and atom-
tracing algorithms has enabled the determination
of the coordinates of individual atoms and point
defects in materials with a 3D precision of ~19 pm,
allowing direct measurements of 3D atomic dis-
placements and the full strain tensor. Finally, the
single-particle reconstruction method developed
in cryo-EM has been applied for 3D structure de-
termination of small (<2-nm) gold nanoparticles
and heterogeneous platinum nanocrystals at
atomic-scale resolution.

OUTLOOK: The future research frontiers of
AET involve increasing the sample complexity
(including real materials with different atomic
species and disordered systems), image contrast
(determining the 3D atomic positions of both
heavy and light elements), detection sensitivity
(revealing individual atoms at surfaces and in-
terfaces), and data acquisition speed (probing
the dynamics of individual atoms and defects).
The ability to precisely determine all atomic
coordinates and species in real materials with-
out assuming crystallinity will transform our
understanding of structure-property relation-
ships at the most fundamental level. For instance,
using atomic coordinates as inputs to first-
principles calculations, it is possible to compute
the effect on the material properties of each de-
fect and atomic reorganization, giving precious
clues about how to modify and engineer ma-
terials at the atomic level to yield better per-
formance in a device. Catalysis involves atoms
interacting on nanoparticle surfaces in poorly
understood ways, and the mechanisms of parti-
cle growth in synthesis reactors or in devices
under load are largely unknown. Breakthroughs
in our ability to reliably measure this information
in 3D will have effects across disciplines from
electronics and catalysis to energy conversion.
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Atomic electron tomography: 3D
structures without crystals

Jianwei Miao,"* Peter Ercius,> Simon J. L. Billinge>*

Crystallography has been fundamental to the development of many fields of

science over the last century. However, much of our modern science and technology
relies on materials with defects and disorders, and their three-dimensional (3D) atomic
structures are not accessible to crystallography. One method capable of addressing
this major challenge is atomic electron tomography. By combining advanced

electron microscopes and detectors with powerful data analysis and tomographic
reconstruction algorithms, it is now possible to determine the 3D atomic structure

of crystal defects such as grain boundaries, stacking faults, dislocations, and point
defects, as well as to precisely localize the 3D coordinates of individual atoms in
materials without assuming crystallinity. Here we review the recent advances and the
interdisciplinary science enabled by this methodology. We also outline further
research needed for atomic electron tomography to address long-standing unresolved

problems in the physical sciences.

erfect crystals are rare in nature, and much

of our modern science and technology de-

pends on crystals with defects and non-

crystalline systems (7-7). In fact, these systems

are the rule rather than the exception; they
include high-strength structural materials (dis-
locations and grain boundaries) (Z, 2), information
processing (defects and dopants in semiconduc-
tors) (3), heterogeneous catalysis (reactions on
nanoparticle surfaces) (7), renewable energy (amor-
phous silicon) (8), energy storage (solid electrolyte
glasses and oxides) (9), telecommunication and
computer networking (optical fibers) (10), high-
efficiency transformers (metallic glasses) (6), and
nonvolatile memory (amorphous-crystalline tran-
sitions) (11). In these applications, it is not just
the average structure but also the defects and crys-
talline imperfections that need to be engineered
to obtain the desired properties. Presently, several
methods can be used to image crystal defects and
noncrystalline specimens, but each has its limi-
tations. Transmission electron microscopy (TEM)
has long been used to produce images of crystal
defects and dislocations at atomic resolution (72),
but these are two-dimensional (2D) projection
images and are not fully representative of the
underlying 3D structures (13, 14). Scanning probe
microscopy can provide subatomic resolution only
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for surface structure (15). Although coherent dif-
fractive imaging can determine the 3D structure
of noncrystalline specimens and nanocrystals
at the nanoscale resolution (16-18), it requires the
further development of coherent x-ray and electron
sources, detectors, and advanced image recon-
struction algorithms to achieve 3D atomic resolu-
tion (19-22). Atom probe tomography enables the
3D reconstruction of billions of atoms from a tip
specimen but cannot offer true atomic resolution
because of imperfect spatial resolution and limited
detection efficiency (23, 24).

One powerful method to address this major
challenge that is under rapid development in
both the physical and biological sciences is elec-
tron tomography. Electron tomography was devel-
oped in 1968 (25-27) and has been primarily
applied to image the 3D structure of biological
specimens by rapidly freezing them at cryogenic
temperatures (28). For cells and cellular organ-
elles, cryo-electron tomography can achieve a 3D
resolution of 2 to 5 nm (29-31), which is mainly
limited by radiation damage to the sample (32).
For large protein molecules with identical or sim-
ilar conformations, single-particle cryo-electron
microscopy (cryo-EM) has been used to image
the average 3D structure at near-atomic resolu-
tion without the need for crystallization (33-37),
driven by the recent advances in direct electron
detectors (38), image processing, and reconstruc-
tion methods (39, 40). However, these methods
cannot be generally applied to solve the 3D atomic
structure of physical science samples for the
following three reasons. First, most materials do
not have identical copies and therefore cannot be
averaged to achieve atomic resolution. For exam-
ple, from one crystallite to another, the structure
of a dislocation will be similar (there is a well-
defined structural solution) (7, 2), but the location
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of the dislocation at the atomic scale will differ.
Averaging over different crystallites will elimi-
nate the signal of the defect. Thus, we need a
method sensitive enough to detect the 3D posi-
tions of individual atoms buried in a single object.
Second, for protein molecules, a priori knowl-
edge such as the atomic structure of amino acid
residues and the peptide sequence of the mole-
cules provides important constraints that greatly
reduce the experimental information required
for their 3D structure determination (47). This knowl-
edge is not applicable to physical science samples.
Third, unlike biological specimens, diffraction
and phase contrast in the TEM images of most
physical science samples prevent the direct ap-
plication of tomographic reconstruction (13, 14)
and require greater ingenuity to solve the recon-
struction problem. Despite these challenges, the
past few years have seen breakthroughs in the
development of atomic electron tomography (AET),
which enables 3D structure determination of
crystal defects and potentially disordered systems
at atomic resolution (42-51). Here we review the
recent advances of AET and the interdisciplinary
science enabled by this methodology.

Aberration-corrected
electron microscopy

The first TEM to surpass the resolution of the
optical microscope was built by Ernst Ruska in
the 1930s (52). During early research to further
improve this instrument, Otto Scherzer realized
that a TEM’s resolution would always substantial-
ly underperform relative to the expected wave-
length of the accelerated electrons because of
geometrical aberrations inherent to the round
electron lenses themselves (known as the Scherzer
theorem) (53). The most limiting of these aberrations
is the well-known third-order spherical aberration,
which cannot be corrected with a round lens. In
1947, the use of optical elements with nonrota-
tional symmetry was proposed to compensate
for this inherent limitation (54). In effect, a set
of lenses could be devised that created the exact
opposite effect of the aberrations induced by a
conventional round lens, and the two effects
would cancel out.

Decades of research and development in this area
have led to the current generation of aberration-
corrected electron microscopes (55-58), which
reach ~0.5 A resolution with much-improved
contrast (59). Such high-resolution and high-
contrast images benefit the AET reconstruction,
allowing precise determination of the 3D coor-
dinates of individual atoms in materials (49).
Increases in signal-to-noise ratio and image quality
also reduce the required beam dose delivered
to the sample. On the other hand, aberration-
corrected electron lenses reduce the depth of
field and limit the sample thickness (60). This
problem can be overcome by acquiring a through-
focal series at each tilt angle. Furthermore, the
limited depth of field can also be used as an
advantage for observing depth-dependent atomic
structures in crystals (61). Collectively, the com-
bination of aberration-corrected electron mi-
croscopes and AET will greatly facilitate the
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3D characterization of materials at the single-
atom level.

Atomic STEM tomography
Acquisition of tomographic tilt series

Although TEM-based tomography has been wide-
ly applied in the biological sciences (29-31, 33-37),
a major limitation for the physical science ap-
plication is the presence of diffraction and phase
contrast (13, 14, 62, 63). This limitation can be over-
come by using the scanning transmission electron
microscopy (STEM) mode and an annular dark-
field (ADF) detector (64-70). In ADF-STEM, an
electron beam is focused to a small spot and
scanned over a sample to form a 2D image (Fig. 1A).
The scattered signal at each scanning position is
recorded by the ADF detector, which consists of a
sensitive annular region with inner and outer
angles ranging from a few tens to several hun-
dreds of milliradians, respectively (77-73). By mea-
suring the signal only at high angles, ADF-STEM
satisfies the incoherent imaging approximation
in which diffraction and phase contrast are sub-
stantially suppressed and the image intensity is ap-
proximately proportional to the sample thickness
and the atomic number as 2% (71-73). To acquire
a tomographic tilt series, the sample is rotated
around a tilt axis and a series of 2D images is
measured at different tilt angles (Fig. 1B). Due to
geometric constraints, most samples cannot be
tilted beyond +79° which is known as the mis-
sing wedge problem. One solution to this problem
is to use needle-shaped specimens (49), allowing
a full rotation around the axis of the needle.
Another problem in STEM tomography is the
electron beam damage to the specimen. This can
be mitigated through a combination of approaches,
including (i) choosing low operating voltages (such
as 80 and 120 keV) to reduce the knock-on dam-
age (74); (ii) using a dose-efficient STEM method
(75), coupled with a direct electron detector (37); (iii)
depositing a very thin layer of carbon film on the
surface of the specimen (44); and (iv) implement-
ing a low-exposure acquisition scheme—when ac-
quiring an image at a tilt angle, a nearby sample is
used to align and focus the image, thus reducing
the unnecessary electron dose to the sample under
study (42, 44).

After the acquisition of an experimental tilt
series, sample drift and scan distortion are cor-
rected to minimize the experimental error (49).
Advanced denoising techniques can also be
applied to improve the image quality (76). The
alignment of the tilt series is achieved by the
center-of-mass method (42), which is based on
the fact that the center of mass of a 3D object
coincides with that of its projection images. By
aligning all of the 2D images to the center of mass,
a coarse alignment of the tilt series is accom-
plished. To achieve subangstrom precision, a fine
alignment must be implemented by computing a
3D reconstruction from the coarse-aligned tilt
series. The 3D reconstruction is back-projected
to calculate a sequence of images at the corre-
sponding experimental tilt angles. Quantitative
comparison of the calculated and measured
images allows fine-tuning of the alignment. This
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process is iterated until the alignment procedure
converges.

Iterative algorithms for atomic
tomographic reconstruction

To achieve atomic tomographic reconstruction,
three issues associated with experimental tilt
series must be addressed. First, the data are in-
complete due to the missing wedge problem and
because radiation damage limits the number of
images. Second, there are experimental errors in
the tilt series, such as small structure changes of
the specimen during data acquisition, the me-
chanical tilt error of a sample stage, sample drift,
and scanning distortion. Third, noise is present
in every image. Although careful sample prepa-
ration, data acquisition, and denoising techniques
can alleviate the experimental errors and reduce
noise (44, 49, 76), iterative tomographic recon-
struction algorithms are more suited to tackle
the incomplete data issue than noniterative meth-
ods. Presently, there are two types of iterative
algorithms for tomographic reconstruction. The
first are real-space iterative algorithms, such as
the algebraic reconstruction technique (ART), the
simultaneous ART (SART), and the simultaneous
iterative reconstruction technique (SIRT) (77-79).
These algorithms compute a 3D reconstruction by
iteratively solving a system of linear equations, in
which positivity and mathematical regularization
can be incorporated as constraints to reduce arti-
facts. Recently, SIRT has been applied to determine
the 3D structure of a decahedral gold nanoparticle
and a silver-gold nanocluster at atomic resolution
(50, 5D).

The second type of algorithms iterates between
real and Fourier space, an example being equal
slope tomography (EST) (80-84), where the angles
of a tomographic tilt series are spaced by equal
slope instead of equal angle increments. The
equal slope acquisition scheme allows the use
of a variant of the fast Fourier transform (FFT),
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the pseudopolar FFT (PPFFT) (85). The PPFFT
and its inverse are mathematically faithful and
have a computing time comparable to that of the
FFT. From an aligned tilt series, each image is
inverted to a Fourier slice by a generalized Fourier
transform called the fractional Fourier transform
(Fig. 1C) (86). Using the inverse PPFFT, a 3D re-
construction is computed from this set of Fourier
slices. Two general physical constraints are then
applied to the reconstruction. First, a loose sup-
port (i.e., a 3D boundary larger than the shape of
a specimen) is defined, and the intensity outside
the support is set to zero. Next, any negative
intensity inside the support is set to zero (positivity
constraint), which produces a revised 3D recon-
struction. The forward PPFFT is applied to the
revised reconstruction, generating a full set of
Fourier slices. The Fourier slices corresponding
to the measured tilt angles are replaced with the
experimental data, and the remaining slices are
kept unchanged (Fig. 1C). This step produces a
new full set of Fourier slices as an input for the
next iteration. Progress is monitored by an error
metric defined as the difference between the
computed and measured slices at each iteration
step, and the algorithm is terminated when no
further improvement can be made (80-84). This
entire process is then repeated using a tighter sup-
port, closer to the real shape of the object. After fine-
tuning of the alignment with more iterations, a final
3D reconstruction is obtained. Through iterating
between real and Fourier space, EST is gradually
guided toward a best-possible solution that is
concurrently consistent with the measured data
and the general physical constraints. Quantitative
comparison with experimental data indicates that
EST produces 3D reconstructions with higher
resolution, better contrast, and less distortion
than real-space iterative algorithms such as ART
and SART for a limited number of 2D images and
a missing wedge (81). Furthermore, if needed, EST
can also incorporate mathematical regularization

c
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Fig. 1. Schematic layout of AET. (A) An electron beam is focused on a small spot and scanned over a
sample to form a 2D image. The integrated signal at each scanning position is recorded by an ADF detector.
(B) By rotating the sample around a tilt axis, a series of 2D images is measured at different tilt angles.
(C) After preprocessing and alignment, the tilt series is inverted to Fourier slices by the fractional Fourier
transform (FrFT). A 3D reconstruction is computed by using a Fourier-based iterative algorithm. From the
3D reconstruction, the coordinates of individual atoms are traced and refined to produce the 3D atomic
model of the sample.
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identical to real-space iterative algorithms (82-84).
The drawback of EST is the requirement that the
experimental tilt angles must be consistent with
equal slope increments (80).

Two other methods have also been applied to
AET through the incorporation of additional a
priori constraints. By fitting atoms rigidly onto a
crystal lattice, discrete tomography has been im-
plemented to image the 3D atomic structure of a
silver nanoparticle embedded in an aluminum
matrix using only two high-angle ADF (HAADF)-
STEM images (70). However, the crystallinity
requirement limits the applicability of this ap-
proach, and the small number of images make
this method sensitive to experimental errors
and noise. A second approach is to reduce the
input information needed through the use of
compressed sensing electron tomography (87-89),
which is based on the principle that a physically
meaningful structure is usually sparse in some
domain. If the sparse domain can be found, then
the 3D structure can be reconstructed from a
very small number of images (89). Compressed
sensing electron tomography has been applied to
image localized surface plasmon resonances of a
silver nanocube (90) and to reach the atomic scale.
By using only four or five HAADF-STEM images,
the 3D structures of a gold nanorod and a core-
shell A u@Ag nanorod have been imaged at atomic
resolution (43, 45). However, it remains a challenge
to find an appropriate sparse domain for each tomo-
graphic reconstruction. Furthermore,
there are adjustable parameters in
compressed sensing tomography,
which vary for different samples.
It is not straightforward to choose
these parameters, especially with
the presence of noise and experimen-
tal errors (89).

3D determination of the
coordinates of individual
atoms in materials

To probe material properties and
functionality at the most funda-
mental scale, the 3D coordinates
of individual atoms need to be de-
termined from the 3D reconstruc-
tion, which can be accomplished
using the following procedure (49).
First, all local intensity maxima are
identified from the 3D reconstruc-
tion and sorted from highest to low-
est. Starting from the highest intensity,
a 3D Gaussian function is fit to
each peak. If a minimum distance
between two neighboring atoms is
satisfied, the peak of the Gaussian
function is labeled as a candidate
atom position, and the Gaussian
function is subtracted from the 3D
reconstruction. This step is repeated
for all local maximum peaks. Second,
a 3D atom profile is calculated by
averaging the Gaussian functions
of the most plausible atoms, exclud-
ing peaks with extremely high or low
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intensity. The Gaussian function of each candidate
atom is quantitatively compared with the aver-
age atom profile. If the candidate atom matches
more with the average atomic than the back-
ground, it is identified as an atom. This step
produces a 3D atomic model. Third, a refine-
ment procedure is implemented to improve the
precision of the atom model using the measured
images. Each measured image is Fourier trans-
formed to produce a Fourier slice, and a corre-
sponding Fourier slice is also calculated from a
linear projection of the atomic coordinates. The
positions of all atoms are iteratively refined by
minimizing the difference between the measured
and calculated Fourier slices. The refined atomic
model is then compared with the 3D reconstruc-
tion, and a very small percentage of atoms are
manually adjusted to ensure that they are con-
sistent with the reconstructed intensity and the
local stereochemistry of the material (41). An
updated atomic model is obtained and refined
once again with the measured data. This step is
repeated until no further improvements can be
made. Fourth, to verify the final atomic model,
2D images are calculated from the atomic co-
ordinates using multislice simulations with the
same experimental parameters (91). After add-
ing noise, the calculated images should agree
well with the measured ones. Furthermore, by
using the same reconstruction, atomic tracing,
and refinement procedures, a new 3D atomic

Fig. 2. Experimental demonstration of AET without assuming crystalli-
nity or using averaging. (A and B) Volume renderings of the 3D recon-
struction of a gold nanoparticle and their Fourier transforms (insets) along the
two- and threefold symmetry directions, respectively. Individual atoms are
visible in the reconstruction, and several major 3D grains are identified at
atomic-scale resolution. (C and D) Surface renderings of the 3D reconstruc-
tion along the two- and threefold symmetry directions, respectively, indicating
that this is a multiply twinned icosahedral nanoparticle. The insets show an
icosahedron model along the same symmetry directions. [From (42)]

23 SEPTEMBER 2016 « VOL 353 ISSUE 6306

model can be computed from the noisy multi-
slice images. This model must be consistent with
the final model; otherwise, the whole atom trac-
ing and refinement process must be redone
to obtain a final model. Although the procedures
described here focus on samples with a single
atomic species, they can, in principle, be extended
to determine the coordinates of multiple atomic
species in materials based on the Z-contrast
of STEM images (46).

Single-particle reconstruction: From 3D
structure determination of
macromolecules to small metal
nanoparticles at atomic-scale resolution

Single-particle cryo-EM has become a very impor-
tant method for 3D structure determination of
macromolecules at near-atomic resolution (33-37).
High-resolution imaging of biological materials
at room temperature is difficult in the transmis-
sion electron microscope due to electron beam
damage and the low scattering contrast of light
atoms such as carbon (32). Plunge freezing of buf-
fered aqueous solutions to produce vitreous ice
containing purified biological molecules was dev-
eloped to prepare the structure for imaging in
their native hydrated state (28). Noisy projection
images of individual molecules with identical or sim-
ilar conformations can be acquired at very low doses
(20 to 40 electrons per A%). Traditionally, hundreds
of thousands to millions of such images are first
classified, averaged, and then ori-
ented in 3D space to produce a tomo-
graphic reconstruction of the molecule
(33). Until recently, the resolution of
this technique was generally limited
to >4 A because the extremely low
doses resulted in noisy images with
poor contrast (33). High-resolution
structures have only become achievable
with the development of the direct
electron detector, resulting in a revo-
lution in cryo-EM with near atomic
(<4 A) resolution (34-37). The di-
rect electron detector provides sub-
stantially better quantum efficiency,
point spread function, and acquisition
speed than a traditional scintillator
paired with a charge-coupled device,
allowing the accurate determina-
tion of the position of individual
electron strikes (38). Rapidly acquired
images can also be aligned and aver-
aged to high accuracy to remove
sample drift and beam-induced mo-
tion during acquisition (92). Fur-
thermore, through a combination of
statistical approach and prior knowl-
edge, advanced 3D reconstruction
algorithms have been developed to
extract as much structure informa-
tion as possible from very noisy cryo-
EM data (39, 40).

Single-particle 3D reconstruction
developed for cryo-EM has also been
applied to image small (<2 nm) metal
clusters at atomic-scale resolution.
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Homogeneous gold clusters consisting of 68 atoms
were imaged at random orientations with an
aberration-corrected TEM. These 2D images were
then combined to determine the 3D atomic struc-
ture of the gold cluster (4¢7). In situ TEM was also
coupled with a fast-acquisition direct electron detec-
tor to image platinum nanocrystals freely rotating in
a graphene liquid cell. By acquiring many images at
different orientations, the 3D structure of indi-
vidual heterogeneous nanocrystals
was determined at near-atomic reso-
lution (48). In addition to single-
particle 3D reconstruction, TEM-based
methods have also been demon-
strated to determine the 3D atomic
positions of two-layer graphene (93)
utilizing the curvature of the scattered
electron wave (94) and the 3D atom-
ic morphology of a thin MgO crystal
(95), each of which was achieved
from a single sample orientation.

Interdisciplinary science
enabled by AET

3D imaging of crystal
defects in materials at
atomic resolution

Crystal defects such as point defects,
dislocations, grain boundaries, and
stacking faults strongly influence
material properties and are crucial
to materials engineering (1-3). Al-
though a number of experimen-
tal methods have been used to
image crystal defects since the 1950s
(12, 96-99), 3D imaging of the atom-
ic arrangements in the cores of dis-
locations, grain boundaries, and
stacking faults has only recently
become possible through the use
of AET. By combining ADF-STEM
with EST, AET was first demonstra-
ted to image a gold nanoparticle at
2.4 A resolution without assuming
crystallinity or using averaging (42).
Figure 2, A to D, shows volume and
iso-surface renderings of the 3D
reconstruction, indicating that this
is a multiply-twinned icosahedral
nanoparticle. Individual atoms are
visible in the reconstruction, and
several major 3D grains are identi-
fied at atomic-scale resolution.

To probe crystal defects at higher
resolution and contrast, AET was
applied to image the 3D structure
of a platinum nanoparticle from a
large number of STEM images (44).
Due to the weak signal from indi-
vidual atoms, 3D Fourier filtering
was used to enhance the signal-to-
noise ratio of the reconstruction.
As this may potentially introduce
artifacts (100, 101), two independent
approaches were implemented to
verify the results of using the Four-
ier filtering. First, multislice STEM
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calculations were combined with EST to exam-
ine and optimize the filtering parameters while
avoiding artifacts. Second, well-established Wiener
filtering was used to corroborate the experimen-
tal results (02). Figure 3, A and B, shows the grain
boundaries of the platinum nanoparticle after inde-
pendent filtering verification. A measured 2D image
suggests that this is a multiply twinned decahedral
nanoparticle with flat twin boundaries (Fig. 3A).

Fig. 3. 3D imaging of crystal defects in materials at atomic resolution.
(A) STEM image of a decahedral platinum nanoparticle, showing flat twin bound-
aries. (B) A 2.6 A thick internal atomic layer of the nanoparticle reconstructed by
AET, revealing that the twin boundaries are not flat but instead form atomic steps.
Boxed areas indicate a grain boundary and a stacking fault. (C) Enlarged view of
the grain boundary in (B). (D and E) A 2.6 A thick atomic layer above and below
the layer shown in (C). The three consecutive internal atomic layers further
confirm that the atomic steps continuously vary along the consecutive layers.
(F) Enlarged view of the 26 A thick stacking fault in (B), which ends at a twin
boundary. The inset shows a classical model of an fcc extrinsic stacking fault. (G)
A 5.3 A thick internal slice (two atomic layers) of the nanoparticle reconstructed
by AET. (H and I) 3D volume and surface renderings of an enlarged view of the
core of a screw dislocation in (G) with the Burgers vector (b) of% [011]. [From (44)].
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However, an internal atomic layer reveals that the
twin boundaries are not flat but instead form atomic
steps (Fig. 3B). Three consecutive internal atomic
layers further confirm that the atomic steps conti-
nuously vary along the consecutive atomic layers
(Fig. 3, C to E). Figure 3B also shows that the
subgrain boundaries in an internal atomic layer
are slightly widened relative to those in the 2D
image (Fig. 3A). In relation to the grain bound-
ary, a stacking fault is also observed
at the single-atom level (Fig. 3F),
which ends at a twin boundary (Fig.
3B). Furthermore, from the 3D recon-
struction of the platinum nanoparticle,
the 3D core structure of both edge and
screw dislocations are imaged at atom-
ic resolution (44). Figure 3G shows a
5.3 A thick internal slice of the nano-
particle, and a zigzag pattern, a char-
acteristic feature of a screw dislocation
core, is visible in the enlarged views
(Fig. 3, H and I). The Burgers vector
of the screw dislocation was measured
to be 7 [011]. Careful examination of
the locations of the screw disloca-
tion and the atomic steps at the
twin boundary indicates that they
are associated with a strain relax-
ation mechanism for the multiply
twinned decahedral nanoparticle
(44). These results indicate that AET
is crucial to probing crystal defects in
materials as 2D projection images
may sometimes provide deceptive
structural information.

3D measurements of the
atomic displacements and
the full strain tensor

in materials

The structural, mechanical, electronic,
and optical properties of many mate-
rials are directly related to the strain
in the materials (7, 2, 103). However,
conventional methods to measure
local strain at the nanoscale, using
TEM, electron diffraction, and ho-
lography, are limited to 2D (103-105).
Although coherent diffractive imag-
ing, x-ray diffraction microscopy,
and through-focal ADF imaging can
measure the strain tensor in 3D
(17, 19, 106, 107), they offer limited
spatial resolution. Recently, the 3D
strain field in a gold nanorod was
imaged at high resolution using com-
pressed sensing electron tomography
(43). However, because this method
used four STEM images, only one of
the six components of the strain ten-
sor (g..) was measured. In order to
determine the full strain tensor in
materials with high precision and
spatial resolution, a method must
be able to precisely localize the co-
ordinates of individual atoms with-
out assuming crystallinity.
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AET was recently used to determine the 3D
positions of individual atoms in a tungsten needle
sample (49). A tilt series of 62 images was mea-
sured with an aberration-corrected ADF-STEM.
By combining EST with 3D atom tracing and re-
finement procedures, the coordinates of 3769
individual atoms of the needle apex were de-
termined with a precision of about 10.5, 15, and
5.5 pm along the 2, y, and 2 axes, respectively
(i.e., ~19 pm in three dimensions) (Fig. 4A) (49).
The ability to precisely localize the individual atom
positions with AET is attributed to minimizing the
dynamical scattering effect by avoiding the exact
zone axes and measuring many images at differ-
ent sample orientations (i.e., a rotational average),
which is analogous to the reduction of dynamical
effects in precession electron diffraction (108).
Furthermore, a point defect is identified in the
3D reconstruction with high precision (49). Figure
4, B and C, shows the reconstructed intensity and
its surface rendering surrounding a point defect
in layer six, indicating that there is no tungsten
atom in the defect site. Although field ion mi-
croscopy has been applied to obtain 3D infor-
mation of atoms and vacancies in needle-shaped
specimens with a priori assumptions and low
precision (109, 110), 3D identification and local-
ization of point defects in materials at high
precision without any prior knowledge has been
considered to be one of the ultimate goals in
materials characterization.

By comparing the coordinates of individual
atoms (Fig. 4D) with an ideal tungsten crystal lat-
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tice, the atomic displacement field and the strain
tensor were determined in three dimensions (49).
As the strain measurements require differentia-
tion of the displacement field and are sensitive to
noise, a 5.5 A wide 3D Gaussian kernel was con-
volved with the displacement field to enhance the
signal-to-noise ratio and precision. Figure 4, E to
G, shows the 3D atomic displacements of the
tungsten needle sample, exhibiting expansion
in the [011] direction (2 axis) and compression in
the[100] direction (y axis). The atomic displace-
ments along the [001] direction (z axis) are much
smaller than those in the 2 and y axes. The six
components of the strain tensor (€., €y €2 €2z
€, and g,,) were obtained from the convolved
displacement field with a 3D resolution of 1 nm
and a precision of 10~% (Fig. 4, H to M). The ¢,
and &,,, maps show features related to the lattice
expansion and compression along the x and y
axes, respectively, while the &,, component is
smaller and smoother. Shear in the xy, xz, and
yz planes is observed in the €,,, €., and €,
maps. The principal strains were determined to
be 0.81%, -0.87%, and -0.15% along the [0.074
0.775 -0.628], [0.997 -0.083 0.015], and [0.041
0.627 0.778] directions, respectively. Further ex-
perimental, density functional theory (DFT), and
molecular dynamics results have confirmed that
the strain was induced by surface tungsten carbide
and the diffusion of carbon atoms below the
tungsten surface (49). As conventional methods
for strain measurements are primarily based on
geometric-phase analysis of crystalline samples

in Fourier space (103, 104), the ability to precisely
determine the 3D positions of individual atoms
opens the door toward directly measuring the
strain tensor in materials at the atomic scale
(49-51).

3D structure determination of
ligand-protected gold nanoparticles
at atomic resolution

Ligand-protected gold nanoparticles on the order
of 1 to 2 nm in diameter exhibit different elec-
tronic and optical properties from bulk materials
and are expected to find broad applications in several
disciplines (711). However, these water-soluble nano-
particles are difficult to crystallize, and only a
small number of structures have been solved by
x-ray crystallography (112). Single-particle 3D re-
construction was recently applied to determine the
structure of ligand-protected Au nanoparticles at
atomic resolution (47). In this experiment, 939
aberration-corrected TEM images of homogeneous
68-gold-atom nanoparticles (AuggNPs) were used
to reconstruct the 3D structure. Figure 5A shows
the reconstructed intensity and the positions of all
68 gold atoms. The 3D atomic model of the AuggNP
reveals that a gold atom at the center is surrounded
by a cagelike cuboctahedron of 12 atoms. Twenty-
four additional atoms form a face-centered cubic
(fee)-like shell around the cuboctahedron, whereas
the remaining 31 atoms deviate from fcc packing
(Fig. 5B). Because the surface ligand molecules
and sulfur atoms cannot be measured by this
method, 32 sulfur atoms were manually added to
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Fig. 4. 3D measurements of individual atom coordinates, atomic displa-
cements, and the strain tensor in materials. (A) Coordinates of 3769
individual atoms determined from the top nine layers of a tungsten needle
sample (inset) with a 3D precision of ~19 pm. Layers one to nine are shown in
dark red, red, orange, yellow, green, cyan, blue, magenta, and purple, respec-
tively. (B and C) 3D reconstructed intensity and its surface rendering sur-
rounding a point defect in layer six of the needle sample. (D) Individual atoms in
layers two to nine of the tungsten needle sample used to determine the atomic

SCIENCE sciencemag.org

displacements and the strain tensor. Layer one and some surface atoms in red
were excluded due to their large deviation from an ideal body-centered cubic
lattice. (E to G) 3D atomic displacements of the needle sample, exhibiting
expansion in the [Oil] direction (x axis) and compression in the (100) direction (y
axis).(HtoM) Thee,, ¢ . €,,. €, £, and e, components of the strain tensor.
The €, and g, components exhibit features directly related to the lattice
expansion and compression along the x and y axes, respectively. Shear in the

Xy, xz, and yz planes is visible in the €€ and €, Maps, respectively. [From (49)]
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the final model based on the positions of the gold
atoms and the local stereochemistry (Fig. 5C).
DFT calculations were used to relax the final
atomic model to a local minimum energy, con-
firming that the positions of most gold atoms
remain the same (Fig. 5D) (47, 113). Several sur-
face atoms deviate from measured positions, prob-
ably because of hydrogen bonding between surface
ligands. The 3D atomic model of AuggNP deter-
mined from this experiment exhibits lower sym-
metry than that of Au,,,NP and is also different
from the theoretical prediction of the highly
symmetrical atomic structure of a similar nano-
particle, Aug/(SR)35. This work shows that single-
particle 3D reconstruction can be used to determine
the atomic structure of small (<2 nm) and homo-
geneous metal nanoparticles that are difficult to
crystallize. To achieve a full 3D reconstruction of
both the highly scattering and lightly scattering atoms
(such as ligand molecules), further improvements
could involve the use of direct electron detectors
to improve the signal-to-noise ratio and reduce the
radiation dose (38). Also, imaging of frozen hydrated
samples in vitreous ice could provide the structure of
the nanoparticles in their native solvated state (33).

3D structure of individual heterogeneous
nanoparticles in solution at
near-atomic resolution

In situ liquid cell using graphene offers the op-
portunity to image single objects at atomic reso-
lution under dynamic conditions (714). It was
noticed that the objects are randomly rotating
in solution, providing many different views that
could be used in electron tomography. This led to
the development of 3D structure determination
of heterogeneous nanoparticles at near-atomic
resolution using the single-nanoparticle recon-
struction method (48). In this first experiment,
platinum nanoparticles were chosen for their
high scattering signals and scientific importance
in catalysis applications. Two sheets of graphene
were used to contain a solution of the nanocrys-
tals within the vacuum of an aberration-corrected
TEM. A fast acquisition direct electron detector
was used to rapidly acquire many images of the
nanoparticles freely rotating in solution (38). An
ab initio single-particle reconstruction approach
was used to determine projection orientations sto-
chastically without fitting to an a priori model (115),
thus avoiding model bias. The final reconstructions
of two individual ~2-nm diameter platinum nano-
particles reach near-atomic resolution (Fig. 6).
Figure 6, A and B, shows the 3D reconstruction
of two nanoparticles and the cross-sectional views
along the vertical plane, respectively. The overall
nonsymmetric structures of the two nanoparticles
are similar and described as a central disc of {111}
atomic planes with two conical crystalline pro-
trusions attached by screw dislocations on either
end of the disc (Fig. 6C) (48). The observation of
screw dislocations in platinum nanoparticles in-
dependently confirms the earlier AET results (44),
suggesting that the 3D atomic structure of nano-
particles is more complex than previously thought.
Figure 6D shows the 3D structure of the nano-
particles viewed along the conical protrusion di-
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Fig. 5. 3D structure determination of ligand-protected gold nanoparticles at atomic resolution.
(A) 3D intensity and positions of 68 gold atoms reconstructed from 939 AugsNPs using the single-particle
method. (B) 3D atomic model of AuggNP. A gold atom at the center is surrounded by a cagelike
cuboctahedron of 12 atoms (orange). Twenty-four additional atoms (red) form a fcc-like shell around the
cuboctahedron, whereas the remaining 31 atoms (green) deviate from fcc packing. (C) 3D atomic model of
Aues(SH)3,. Thirty-two sulfur atoms (yellow) were manually added to the final model based on the
positions of the gold atoms (orange) and the local stereochemistry. Gold atoms outside the Auis fcc core
are labeled with smaller spheres to better show Au-S motifs. (D) The Augg atomic model from DFT
calculations, confirming that the positions of most gold atoms are consistent with those of the measured
model shown in (B). Several surface atoms deviate from measured positions, probably due to hydrogen

bonding between surface ligands. [From (47)]

rection. The crystalline lattices of the protrusion
(Fig. 6D) and the core (Fig. 6E) form a tilt angle of
14° for particle one and 7° for particle two (Fig. 6F).
Additional differences between the two structures
of the nanoparticles include surface morphology
and the degree of crystallinity in each domain.
Calculations of the exposed-surface free energy
and grain-boundary free energy indicate a strong
driving force for coalescence and support that
the orientation of the side protrusions with respect
to the central section are the minimum energy of
the system.

Looking forward

Although x-ray crystallography has been the pri-
mary method of solving the 3D atomic structure
of crystals over the last century, the ability to
determine the 3D structure of crystal defects and
noncrystalline systems at atomic resolution will
transform our understanding of materials prop-
erties and functionality at the most fundamental
level. Here we identify five future research fron-
tiers enabled by AET. First, 3D localization and
identification of all atomic species in complex
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systems (including dopants, interstitials, light
elements, and vacancies) require the further devel-
opments of AET. New STEM imaging methods
such as matched illumination and detector inter-
ferometry can be implemented to image simulta-
neously heavy and light elements (75). Advanced
image reconstruction and atom-tracing algorithms
must be further improved to precisely localize the
3D atomic positions of individual light elements
such as C and O, based on the intensity of recon-
structed peaks. The measured atomic positions can
then be used by DFT to obtain the 3D electronic
properties of these complex systems at the single-
atom level (716). Furthermore, AET may be com-
bined with electron energy loss spectroscopy to
directly measure the electronic states of these
systems and verify the DFT results (717). Second,
surfaces and interfaces strongly influence the cata-
Iytic, electronic, magnetic, and optical properties of
many materials (118). Although x-ray, electron, and
neutron diffraction and scanning probe micro-
scopes have been successfully applied to investi-
gate the atomic and electronic structure of surfaces
and interfaces (118), AET is specifically suited
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Fig. 6. 3D imaging of individual heterogeneous nanoparticles in solution at near-atomic reso-
lution. (A) 3D structure of two platinum nanoparticles in liquid reconstructed by the single-particle
method. (B) Cross-sectional views of the two 3D structures along the vertical plane of (A). (C) Schematic
illustration of the atomic planes in the nanoparticles viewed at the same orientation as in (A). The overall
structure of each nanoparticle consists of a central disc of {111} planes (blue) with two attached conical
protrusions (yellow). (D) 3D structure of the two nanoparticles viewed along the conical protrusion direction.
(E) Cross-sectional views of the two 3D structures along the equatorial plane shown in (C). (F) Schematic
illustration of the nanoparticles viewed along the conical protrusion direction, showing that the lattice of the
core (blue lines) and protrusions (yellow lines) form a tilt angle of 14° for particle one and 7° for particle two.

showing how functional materials change under
load (for example, by following structural changes
in a battery electrode during discharge, or in an
operating fuel cell). But averaging, as the mea-
surements do, over many particles and particle
orientations, results in considerable information
loss in the signal and a fuzzy, nonunique picture
of what is occurring in the material (128, 129).
Combining detailed structures from AET with
total scattering approaches holds the transforma-
tional promise of giving us truly robust models of
complex, heterogeneous materials in action; help-
ing us to understand why high-performance ma-
terials work so well; and providing insights into
how to design better ones (130, 131).
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