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3D reconstruction of atomic structures from high
angle annular dark field (HAADF) STEM images and
its application on zeolite silicalite-1

Tom Willhammar,* Alvaro Mayoral” and Xiaodong Zou™,

High-resolution transmission electron microscopy (HRTEM) has shown to be very powerful
for solving three-dimensional (3D) structures of unknown crystals. HRTEM has a unique
advantage over diffraction for structure solution. Crystallographic structure factor phases,
which are lost in diffraction, can be directly obtained from HRTEM images. For determination
of a 3D crystalline structure by HRTEM, the crystallographic structure factor amplitudes and
phases extracted from HRTEM images along different zone axes are combined to reconstruct a
3D electrostatic potential map. During the recent years, scanning transmission electron
microscopy (STEM) has reached the atomic resolution which is comparable to that of HRTEM.
Here we show for the first time that the structure factor phases can be also obtained from high
angle annular dark-field (HAADF)-STEM images and used for 3D reconstruction of atomic
structures. This is applied to the complex zeolite structure, silicalite-1 (Formula SiO,,
framework code MFI, Pnma, a = 20.090 A, b = 19.738 A and ¢ = 13.142 A). We have
compared the amplitudes and phases obtained from HAADF-STEM images with those from

HRTEM images.

Introduction

Structure determination is of outermost importance since it can
give crucial insights into how a material is built on the atomic
scale. The structure information is essential for understanding
the properties of the material. Electron diffraction (ED) and
high-resolution transmission electron microscopy (HRTEM)
have shown to be very powerful for solving three-dimensional
(3D) structures of unknown crystals. There are two main
advantages of using electrons than X-rays for structure
determination; 1) crystals too small to be studied by single
crystal X-ray diffraction can be studied by electrons and 2)
crystallographic structure factor phases, which are lost in
diffraction, can be directly obtained from HRTEM images. The
recently developed automated electron diffraction tomography
(ADT) and the rotation electron diffraction (RED) have made
the collection of complete 3D electron diffraction data much
more feasible. The intensities obtained from ADT or RED can
be directly used for structure solution.'

TEM images contain by definition only two-dimensional
(2D) information of the sample, the three-dimensional structure
of the sample is projected into a 2D image. In HRTEM
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imaging, the phase contrast from coherent electrons is utilized.
The contrast in an HRTEM image depends not only on the
structure projection of the specimen, but also on the crystal
thickness and the TEM optics especially defocus and
astigmatism of the objective lens. An HRTEM image is
interpretable in terms of the projected electrostatic potential of
the specimen if the crystal is thin enough to fulfill the weak
phase object approximation and the image is taken under an
optimum defocus condition, i.e. Scherzer focus.® For structure
determination by HRTEM, the crystallographic structure factor
amplitudes and phases are extracted from HRTEM images. The
structure factors extracted from HRTEM images have been
proven to be an important complement to powder X-ray
diffraction for structure solution of complex zeolitic
structures.**

For 3D structure determination by HRTEM, it is common to
combine information from different projections.
Crystallographic  structure factor amplitudes and phases
extracted from HRTEM images along different zone axes are
combined to reconstruct a 3D electrostatic potential map, i.e.
3D reconstruction based on crystallographic image processing.
To do this, the first step is to extract structure factors from the
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Fourier transform (FT) of each of the acquired zone axis
HRTEM images.” The structure factor amplitudes and phases
are determined from the amplitudes and phases of the
corresponding  Fourier component in the FT.*° The
crystallographic = structure factors F(hkl) extracted from
HRTEM images acquired along different projections can then
be merged to create a 3D map representing the electrostatic
potential distribution ¢(xyz) inside the crystal according to the
following equation:

P (xy2) = 25 et F (WD exp[—2mi(hx + ky + )] (1)

where Q is the unit cell volume and o the interaction constant.
From a 3D potential map reconstructed from the most
important projections, the atomic positions can be identified
under conditions where the resolution of the original images is
high enough.’

3D reconstruction of HRTEM images from different zone
axes is limited to crystalline materials but it has shown to be
powerful for determination of many structures that could not be
solved by X-ray or electron diffraction. 3D reconstruction is the
method of choice for very small crystals, complex structures
and disordered materials. Among the structures solved by this
method are complex quasicrystal approximants,'® mixed metal
compounds'' and zeolite structures with high complexity or
disorder."'”"* For non-periodic objects, electron tomography is a
general approach. However, the resolution has until recently
been limited. Only in a few cases atomic resolution has been
achieved, for simple structures and very stable materials.'®"”

Until now, 3D reconstruction based on crystallographic
image processing has been limited to HRTEM images.
Scanning transmission electron microscopy (STEM) can also
provide structural information at atomic level. For STEM, the
probe is scanned in a raster over the sample by coils above the
specimen. An annular dark field detector detects the electrons
scattered at high angles to form high angle annular dark field
(HAADF) images. The electrons detected by the HAADF
detector are incoherent and the corresponding contrast is related
to the atomic number and therefore called Z contrast. This
contrast is normally easily interpreted as the projected atomic
arrangement of the specimen. Recent developments in lens
aberration correctors have improved the resolution of the
STEM images into atomic scales. During the recent years
STEM imaging has been used to study zeolites with great
success.'®*?' In principle, it should be possible to reconstruct a
3D map by combining STEM images along different
projections. However, STEM images with atomic resolution
have to our knowledge not yet been used for 3D reconstruction.

Here we apply the 3D reconstruction on silicalite-1, which
has the MFI zeolite framework and is one of the most complex
zeolites.”? We show for the first time that a 3D map of zeolite
silicalite-1 can be reconstructed from high resolution high angle
annular dark-field (HAADF)-STEM images taken along three
main-zone axes, in the same way as the 3D reconstruction from
HRTEM images. The plane group of the crystal projection can
be determined from the HAADF-STEM images. The
amplitudes and phases extracted from the HAADF-STEM
images are compared to those of structure factors calculated
from the structure model and those from HRTEM images.

Results and discussion

A. 3D reconstruction from STEM images
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HAADF-STEM images from the three main zone axes, [010],
[001] and [100] of the zeolite silicalite-1 were acquired (Fig. 1).
For the crystallographic image analysis, Fourier transforms
were calculated from each of the images. The resolution of the
images is determined from the outmost spots in the Fourier
transforms. The resolution in the three STEM images is

in the range between 1.8 — 2.0 A. The image resolution of
zeolites is mainly limited by the beam damage of the sample,
not by the performance of the microscope.

HAADF-STEM

HRTEM

[010]

[001]

[100]

Fig. 1 Cs-corrected HAADF-STEM images (left) and HRTEM images (right) of
silicalite-1 taken along the three main zone axes [010], [001] and [100]. The scale
bars are 2 nm. Note that the contrast is reversed between the HAADF-STEM and
the HRTEM images. The pores are black in the HAADF-STEM images and white in
the HRTEM images.

From the Fourier transforms of the HAADF-STEM images
(Fig. 2), the amplitude and phase for each reflection can be
extracted. The amplitude is determined by an integration of the
pixel amplitudes around the lattice point and the phase is taken
from the pixel at the lattice point. By examining the amplitudes
and phases of all the reflections, the projected symmetry of the
structure can be determined. All projections contain some
systematic absent reflections, which indicate the presence of
centering, glide planes or screw axes. Since the phase relations
are different for different plane groups, and all phases are
restricted to either 0° or 180° for centrosymmetric plane groups,
it is possible to determine the plane group of the projection by
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analyzing the phases. The origin is first moved to the place that
fulfills best both the phase restrictions and phase relations for
symmetry-related reflections, and then the phase residuals are
compared for each symmetry (see Table S4). The plane group
that fulfills the systematic absences and has the lowest phase
residuals and highest possible symmetry is selected, which is
pgg for [010], pmg for [001] and cmm for [100] projection.
From the plane group symmetries, the space group Pnma was
confirmed. The plane group symmetry is then imposed to the
amplitudes and phases. The amplitudes of symmetry-related
reflections are averaged and the phases are

HAADF-STEM HRTEM

[010]

[001]

[100]

Fig. 2 Fourier transforms calculated from the HAADF-STEM (left) and HRTEM
images (right) of silicalite-1 taken along the three main zone axes. The unique
reflections with amplitudes larger than 2% of the strongest reflection are marked
by circles. Yellow circles indicate correct phases and red circles wrong phases.
The phases extracted from the HRTEM images are shifted by 180° compared to
the calculated phases because of the reversed contrast. Note that the phases of
most strong reflections are correct.

assigned to their closest value of 0° or 180°, as long as they are
allowed by the phase relation of symmetry-related reflections
used. Weak reflections do not give significant contribution to
the 3D map. Fig. 3 shows the projected maps along the three
main axes after crystallographic image processing, by imposing
the projection symmetry onto each HAADF-STEM image. This
is done by an inverse Fourier transform of the symmetry-
imposed amplitudes and phases of reflections in Table S1-S3
according to Eqn. 1. All the potential maps clearly show a
contrast that well resembles the structure projection.

By combining the amplitudes and phases from the three
data sets of the three main zone axes into one data set and
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performing an inverse Fourier transformation according to Eqn.
1, a 3D map can be constructed. The amplitudes of each of the
three data sets were scaled against the amplitudes calculated
from the structure model before merged into a three-
dimensional data set. The origin for each projection was chosen
based on the phases of the common reflections. The three-
dimensional map constructed from the HAADF-STEM images
shows good resemblance with the structure model of silicalite-
1, see Fig. 4. The framework Si positions can be identified from
the 3D map. Although O positions cannot be identified due to
the resolution limit, they can be estimated because they are
always between neighboring Si atoms. This shows that 3D
reconstruction of the atomic structure from HAADF-STEM
images is successful.

HAADF-STEM
—

Fig. 3 Projected electrostatic potential maps calculated from the Fourier
transforms from the HAADF-STEM (left) and HRTEM images (right) for the three
main zone axes. The plane group symmetries determined from the images are
applied. The symmetries are pgg, pmg and cmm for the [010], [001] and [100]
respectively.

B. Comparison between HAADF-STEM and HRTEM images

In order to put the 3D reconstruction from the HAADF-STEM
images in perspective, a similar 3D reconstruction was
performed from HRTEM images taken along the three main
zone axes of the same silicalite-1 material. The contrast of
HRTEM images is reversed compared to that of HAADF-
STEM images (Fig. 1), where the atoms are shown in black in
HRTEM images and white in HAADF-STEM images. The
resolution of the HRTEM and HAADF-STEM images is
similar, as shown in the corresponding Fourier transforms in

J. Name., 2012, 00, 1-3 | 3



Dalton Transactions

Fig. 2. The low angle reflections near the direct beam in the
Fourier transforms (FTs) of the HAADF-STEM images are
stronger than those in the FTs of the HRTEM images. Out of
the 15 strongest reflections in the Fourier transforms of each
image, 12, 13 and 12 reflections are in common between the
HAADF-STEM and HRTEM images for the projections along
[010], [001] and [100], respectively.

The relative unit cell dimensions and the angles were
determined from the positions of the reflections in the Fourier
transforms of the HAADF-STEM and HRTEM images,
respectively and listed in Table 1. Compared to those of the
MFI zeolite framework in the Database of Zeolite Structures
(Pnma, a = 20.090 A, b =19.738 A and ¢ = 13.142 A),? the
unit cell dimensions obtained from HAADF-STEM images
differ on average by 0.60 A, which is larger than the 0.41 A
average difference obtained for the HRTEM images. The angle
distortions (up to 3.4°) are significantly larger in the HAADF-
STEM images compared to those (up to 0.8°) in the HRTEM
images. In conclusion, the lattice distortions are slightly larger
in the HAADF-STEM images compared to the HRTEM
images, which may be due to the spatial instability of the
STEM and the specimen drift during the beam scan on the
crystals.

Table 1 Comparison of the unit cell parameters determined from the
experimental HAADF-STEM and HRTEM images taken along the
three main zone axes. Those from the zeolite database are also given for
comparison. The unit cell dimensions are scaled to have one unit cell
dimension (indicated by *) to be the same as the one in the zeolite
database.

which the image is taken. An agreement factor R was calculated
between the amplitudes extracted from the HAADF-
STEM/HRTEM images and the structure factor amplitudes
calculated from the structure model, which is 0.385 for the
HRTEM images and 0.316 for the HAADF-STEM images.
This shows that the amplitudes extracted from the HAADF-
STEM images are slightly closer to the theoretical structure
factor amplitudes. Since the location of the atoms is determined
by the structure factor phases, the HAADF-STEM images are
more accurate in determining the positions of the atoms than
the HRTEM images.

The 2D maps constructed from the amplitudes and phases
extracted from the HRTEM images are in good resemblance
with the structure model, as shown in Fig. 3. However, features
in the maps constructed from the HRTEM images are less
discrete compared to those from the HAADF-STEM images.
This is because the amplitudes of the high angle reflections are
generally stronger and the phases are more accurate from the
HAADF-STEM images.

Table 2 Number of correct structure factor phases compared with the total
number of unique structure factors for the reflections with amplitudes larger
than 2% of the strongest reflection.

H:T’}EEI’JI: HRTEM | Database A_‘:ﬁé*w?)': A(HRTEM)

[010] | a(A) | 2009 | 2009 20.09 ; ;
cA) | 1385 | 1348 1314 0.71 0.34

BC) | 934 90.6 90.0 34 06

001 | a(A) | 2000 | 2009 20.09 ; ;
bA) | 2017 | 2040 19.74 043 0.66

vC) | 919 903 90.0 19 03

100] | b(A) | 1974 | 19.74 19.74 ; ;
cA) | 1247 | 1336 1314 0.67 022

a) | 911 90.8 90.0 11 08

Amplitudes and phases were extracted from both the STEM
and HRTEM images. The amplitude and phase residuals
between symmetry-related reflections are significantly lower
for the HAADF-STEM images (Table S1), which makes the
symmetry determination from HAADF-STEM images more
reliable than that from HRTEM images. This indicates that
HAADF-STEM imaging transfers the contrast of the specimen
to the image with less distortion.

Tables S2-S4 compare the amplitudes and phases extracted
from the HAADF-STEM and HRTEM images with those
calculated from the structure model of silicalite-1 (MFI).** The
number of correct phases in the Fourier transforms from the
HAADF-STEM and HRTEM images for each of the three zone
axes is summarized in Table 2. A general trend is that the
HAADF-STEM images give correct phases for more reflections
compared to the HRTEM images. All the reflections with the
wrong phases are weak, two of them have amplitudes of ~10%
of the strongest amplitude and the rest are less than 6% of the
strongest reflection. The amplitudes extracted from the
HRTEM images are more sensitive to the conditions under
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HAADF-STEM HRTEM
[010] 31/37 25/35
[001] 25/27 23/27
[100] 22/23 21/27

The 3D maps constructed from both the HAADF-STEM
and the HRTEM images are in good resemblance with the
structure model of silicalite-1, see Fig. 4. The framework Si-
atoms can be identified in both cases. However, peaks from the
3D map created from the HAADF-STEM images are better
resolved and the atomic positions can be determined more
accurately. It should be noted that the HRTEM images were
acquired on a conventional high resolution TEM without Cs-
correctors, while the HAADF-STEM images were taken on a
more advanced TEM with probe-correctors. The conclusions
from the comparison should be made with care.

The use of HAADF-STEM images in this study has several
advantages over HRTEM images. The main advantage is that
the contrast in HAADF-STEM images is easier to interpret
compared to that of HRTEM images. The contrast of the
HAADF-STEM images is better defined around the atomic
positions. The amplitudes and phases extracted from the
HAADF-STEM images are closer to the calculated structure
factor amplitude and phases than those from the HRTEM
images. This is why it is possible to apply 3D reconstruction of
HAADF-STEM images for structure determination. It is also
easier to determine the symmetry of the crystal from the
HAADF-STEM images. The only drawback of the HAADF-
STEM images is the large lattice distortion. For beam sensitive
materials like zeolites, STEM imaging has the advantage that
only the studied area is illuminated at each time and the other
area of the crystal is not damaged at the same time. If care is
taken to minimize the beam dose, HAADF-STEM imaging is
well suited to study beam sensitive materials. Generally
speaking, HAADF-STEM images are more suited for electron
crystallographic studies over conventional HTEM images; even
the difference is not very dramatic. Since HADADF-STEM
images are formed by Z-contrast, this would make it possible to
distinguish between metals and silicon in zeolites when metals
are incorporated.?® Future studies are needed to confirm this.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 The three-dimensional electrostatic potential maps of silicalite-1
reconstructed from the amplitudes and phases extracted from the Fourier
transforms of (a) HAADF-STEM images and (b) HRTEM images taken along the
three main zone axes.

Conclusions

We have shown for the first time that a 3D map of zeolite
silicalite-1 at atomic level can be reconstructed from high
resolution HAADF-STEM images taken along three main-zone
axes, in the same way as the 3D reconstruction from HRTEM
images. All the framework Si positions can be located from the
3D map. The plane group of the crystal projection can be
determined from each HAADF-STEM image. The main
advantage of STEM imaging is that the interpretation of the
contrast is much easier compared to HRTEM imaging. The
complexity of the data collection and interpretation for HRTEM
images are avoided. In the case of silicalite-1, the amplitudes
and phases extracted from HAADF-STEM images are slightly
closer to the calculated crystallographic structure factor
amplitudes and phases compared with those from HRTEM
images. The phases extracted from HAADF-STEM images can
be also helpful for structure solution by powder X-ray
diffraction. One problem with HAADF-STEM images is the
risk of geometrical distortions, which may be significantly
improved with mechanically more stable stages. However, this
can be taken care of by using electron diffraction or other
diffraction techniques and symmetry evaluation to determine
the lattice geometry. Our study also shows that HAADF-STEM
images are also suitable for beam sensitive materials such as
zeolites if care is taken to minimize the electron dose.

This journal is © The Royal Society of Chemistry 2012
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Experimental

The sample used for this study is the pure silica zeolite
silicalite-1 which has an MFI-type framework. The ideal MFI
framework has an orthorhombic symmetry and crystallizes in
the space group Pnma with the lattice parameters a=20.090 A,
b=19.738 A and c=13.142 A [22]. The silicalite-1 crystals are
ca 5 um in size, which were first crushed in an agate mortar,
then dispersed in ethanol and finally transferred onto a holey
carbon grid for TEM observations.

For the STEM study, an X-FEG FEI Titan transmission
electron microscope equipped with a monochromator and a
CEOS spherical aberration (C;) corrector for the electron probe
was used. The HAADF-STEM images were collected at an
accelerating voltage of 300 kV and a 50-200 mrad collection
angles. Because silicalite-1 is electron beam sensitive, the
monochromator was used in this study to decrease the beam
current in order to minimize the beam damage.

HRTEM was performed at 200 kV using a JEOL JEM
2100F equipped with ultra-resolution polepieces (C;=0.52 mm)
and a Gatan CCD camera UltraScan 1000. HRTEM images
were recorded from thin regions of the crystals at a defocus
close to the Scherzer focus to ensure that the contrast
corresponds to the projected potential of the specimen. Thin
areas of the crystals were selected and crystallographic image
processing was performed using the program CRISP.®
Amplitudes and phases were extracted from the lattice points in
the Fourier transforms of the selected areas. The calculated
structure factor amplitudes and phases were obtained using the
software eMap24 from the ideal structure model of MFI in the
Database of Zeolite Structures® using isotropic atomic
displacement parameters U=0.015 A? for silicon and U=0.03 A2
for oxygen.
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The 3D atomic structure of silicalite-1 can be reconstructed for the first time by combining three high
resolution HAADF-STEM images.
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