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Three-dimensional imaging of dislocations in a
nanoparticle at atomic resolution
Chien-Chun Chen1,2*, Chun Zhu1,2*, Edward R. White1,2, Chin-Yi Chiu2,3, M. C. Scott1,2, B. C. Regan1,2, Laurence D. Marks4,
Yu Huang2,3 & Jianwei Miao1,2

Dislocations and their interactions strongly influencemanymater-
ial properties, ranging from the strength ofmetals and alloys to the
efficiency of light-emitting diodes and laser diodes1–4. Several
experimental methods can be used to visualize dislocations. Trans-
mission electron microscopy (TEM) has long been used to image
dislocations in materials5–9, and high-resolution electron micro-
scopy can reveal dislocation core structures in high detail10, par-
ticularly in annular dark-field mode11. A TEM image, however,
represents a two-dimensional projection of a three-dimensional
(3D) object (although stereo TEM provides limited information
about 3D dislocations4). X-ray topography can image dislocations
in three dimensions, but with reduced resolution12. Using weak-
beam dark-field TEM13 and scanning TEM14, electron tomography
has been used to image 3D dislocations at a resolution of about
five nanometres (refs 15, 16). Atom probe tomography can offer
higher-resolution 3D characterization of dislocations, but requires
needle-shaped samples and can detect only about 60 per cent of the
atoms in a sample17. Here we report 3D imaging of dislocations in
materials at atomic resolution by electron tomography. By apply-
ing 3D Fourier filtering together with equal-slope tomographic
reconstruction, we observe nearly all the atoms in a multiply
twinned platinum nanoparticle. We observed atomic steps at 3D
twinboundaries and imaged the 3Dcore structure of edge and screw
dislocations at atomic resolution. These dislocations and the atomic
steps at the twin boundaries, which appear to be stress-relief
mechanisms, are not visible in conventional two-dimensional pro-
jections. The ability to image 3D disordered structures such as dis-
locations at atomic resolution is expected to find applications in
materials science, nanoscience, solid-state physics and chemistry.
Crystallographic techniques are currently the primary means for

determining the 3D atomic structures of crystals. They determine ato-
micpositions by averagingovermanyunit cells.As a complement to cry-
stallographic techniques, electron tomography is an ideal technique for
imaging the 3D local structure of materials at high resolution15,16,18–20.
By combining annulardark-field scanningTEMwith the centre-of-mass
(CM) and equally sloped tomography (EST) methods, electron tomo-
graphy has recently achieved a resolution of 2.4 Å (ref. 20) However,
dynamical scattering effects21, the missing-wedge problem16,18,20 and
Poisson noise in the tilt series introduce noise in the EST reconstruction.
Consequently, although lattice structure and some individual atoms
are visible in the reconstruction20, electron tomography has not been
able to reveal 3D dislocations in materials at atomic resolution. Here we
overcome this obstacle by combining 3D Fourier filtering with high-
angle annular dark-field scanning TEM (HAADF-STEM) tomography,
and achieve 3D imaging of dislocations in a nanoparticle at atomic
resolution.
Platinum (Pt) nanoparticles were synthesized by peptide sequences

in aqueous solution (Methods)22. To make the nanoparticles more

stable under an electron beam, a thin (,1–2nm) carbon layer was
deposited on the nanoparticles (Methods). Using HAADF-STEM14, we
acquired a tilt series of projections from a Pt nanoparticle (Methods).
Supplementary Figs 1 and 2 show the tilt series of 104 projections with
equal-slope increments and a tilt range of 672.6u. To monitor beam-
induced changes to the Pt nanoparticle, three 0u projections were mea-
sured while acquiring the tilt series (Supplementary Fig. 3). The consist-
ency of these projections indicates that the lattice structure of the
nanoparticle was stable throughout the experiment.
After performing background subtraction and CM alignment

(Methods), the tilt series was reconstructed by the EST method20,23–26

(Methods). Figure 1a shows the 3D Fourier transform of the recon-
struction and Fig. 1c shows a 2.6-Å-thick central slice in the x–y plane,
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Figure 1 | 3D reconstruction of a multiply twinned Pt nanoparticle before
and after applying a 3D Fourier filter. a, 3D Fourier transform of the raw
reconstruction of the nanoparticle. b, 3D Fourier transform of the
reconstruction after 3D Fourier filtering where the {111} and {200} Bragg peaks
are labelledwith red andblack dots, respectively. c, A 2.6-Å-thick central slice in
the x–y plane of the raw reconstruction, where the z axis is along the beam
direction.d, The same slice of the 3D structure after applying a 3DFourier filter,
in which nearly all the atoms (in white) are visible. The clear boundary of the
nanoparticle is due to the multiplication of the 3D structure with a 3D shape
obtained from the EST reconstruction (Methods). The insets show an enlarged
region of the atomic positions before and after applying a 3D Fourier filter.
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where the electron beam is along the z axis. However, owing to the low
signal-to-noise ratio (SNR) in the EST reconstruction, 3D dislocations
within the nanoparticle cannot be identified at atomic resolution. To
enhance the SNR of the reconstruction, we developed a 3D Fourier
filtering method to identify all the measurable 3D Bragg peaks and the
3D distribution around each peak (Methods). Figure 1b shows the 3D
Fourier transform of the reconstruction after 3D Fourier filtering, in
which the red and black dots indicate the {111} and {200} peaks of the
Pt nanoparticle, respectively. By applying an inverse Fourier transform
to Fig. 1b and multiplying it by the 3D shape of the Pt nanoparticle
determined from theEST reconstruction,we obtained the 3D structure
of the nanoparticle with a size of,11.23 10.73 7.1 nm3. Supplemen-
tary Video 1 and Fig. 1d show 3Dvolume renderings and a 2.6-Å-thick
central slice in the x–y plane of the Pt nanoparticle, in which nearly all
the atoms are visible.
To verify the 3D Fourier filtering method, we performed a compar-

ison with a 3D Wiener filter using the same experimental data. The
Wiener filter is well established for reducing the noise in a signal, and it
is applied to TEM images27. Supplementary Fig. 5b–d shows the 2.6-Å-
thick central slice in the x–y plane of the reconstruction after applying
the 3DWiener filter S2/(S21 ln2), where S is an estimate of the signal,
n is the noise and l is a parameter that controls the filtering strength
(larger values of l give stronger filtering). Supplementary Fig. 5f–j
shows enlarged views of four regions for the raw reconstruction, and
the reconstructions with the 3DWiener filter (l5 1, 2 and 3) and the
3D Fourier filter. Although the result with the l5 1 Wiener filter is
nosier, the atomic positions in the reconstructions using the l5 2 and
3 Wiener filters and the 3D Fourier filter are consistent.

To further examine the 3D Fourier filtering method, we per-
formed numerical simulations on a 7.33 7.03 4.5 nm3 decahedral
Pt nanoparticle with multislice calculations. The Pt particle consists
of 4,015 atoms with edge and screw dislocations (Supplementary Figs
6a–c, 7a and b). A tilt series of 63 projections with a tilt range of672.6u
and equal-slope increments was calculated by performing multislice
STEM simulations (Supplementary Fig. 8). Two levels of Poisson
noise were added to the projections of the tilt series with total electron
doses of 2.523 105 e Å22 and 5.673 104 e Å22, corresponding to
Rnoise5 10% and 20%, respectively, where Rnoise is an R-factor used
to define the level of Poisson noise (Methods). The two tilt series were
aligned and reconstructed by the CM and EST methods20,23–26

(Methods, Supplementary Fig. 6d–f, j–l). Because of the low SNR in
the reconstructions, not all the atoms or dislocations are visible in the
raw 3D reconstructions, especially with Rnoise5 20% (Supplementary
Fig. 6j–l). After applying a 3D Fourier filter to the raw reconstructions
(Methods), we obtained two 3D structures of the simulated Pt nano-
particle with all the atoms resolved (Supplementary Fig. 6g–i, m–o).
Furthermore, 3D grain boundaries, as well as the 3D core structures of
edge and screw dislocations were determined at atomic resolution and
are consistent with those in the model (Supplementary Figs 6g–i, m–o
and 7c–f).
After verifying 3D Fourier filtering with a 3D Wiener filter and

multislice simulation data, we analysed 3D dislocations of the Pt nano-
particle obtained from the experimental tilt series. Figure 2 shows grain
boundary comparisons between a 2D experimental projection and 2.6-
Å-thick internal slices of the reconstructed particle. The experimental
projection in the x–y plane suggests that this is a decahedral multiply
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Figure 2 | Grain boundary comparisons between a 2D experimental
projection and several 2.6-Å-thick internal slices of the reconstructed Pt
nanoparticle. a, Experimental projection in the x–y plane suggesting that this
is a decahedral multiply twinned nanoparticle and that the twin boundaries
(red lines) are flat. Blue lines show two subgrain boundaries. To enhance the
image contrast, a 2D Fourier filter was applied to the projection. b, A 2.6-Å-
thick internal slice indicating the existence of atomic steps at the twin
boundaries (red lines). The subgrain boundaries (blue lines) are two lattice
spacings wider than those in a. c, Enlarged view of a twin boundary in b. d and
e, a 2.6-Å-thick slice above and below the slice of c, revealing that the atomic
steps vary in consecutive atomic layers. f, Enlarged view of a stacking fault in the
2.6-Å-thick internal slice, which is in good agreement with the classical model
for a face-centred-cubic extrinsic stacking fault (inset). These images, as well as
those in Figs 3 and 4, are displayed with Amira.
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Figure 3 | Observation of the 3D core structure of an edge dislocation at
atomic resolution. a, A 7.9-Å-thick internal slice of the nanoparticle. The
lattice structure on the left and at thebottomparts of the slice is notwell defined,
mainly because this decahedral multiply twinned nanoparticle consists of five
grains with different orientations. b, An enlarged view of an edge dislocation in
a where red dots represent the position of the atoms. c, d and e, 2.6-Å-thick
atomic layers sectioning through the slice of b. The three consecutive atomic
layers indicate the dislocation line is in the direction of 10�1½ �. TheBurgers vector

(b) of the edge dislocation was determined to be
1

2
101½ �.
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twinned nanoparticle28 with flat twin boundaries (Fig. 2a and
Supplementary Fig. 9). However, a 2.6-Å-thick internal slice in the
x–y plane and an enlarged view indicate the existence of atomic steps
at the twin boundaries (Fig. 2b, c) that are hidden in the projection
(Fig. 2a). Figure 2d and e shows enlarged views of a twin boundary in a
2.6-Å-thick slice above and below the slice of Fig. 2b, revealing that the
atomic steps vary in consecutive atomic layers. These atomic steps are
also independently verified by applying 3D Wiener filtering to the
same experimental data (Supplementary Fig. 10). In addition, subgrain
boundaries in the 2.6-Å-thick internal slice (Fig. 2b) are two lattice
spacings wider than those in the projection (Fig. 2a). Figure 2f shows
an enlarged view of a stacking fault in the 2.6-Å-thick internal slice
ending at a twin boundary, which agrees well with the classical model
for a face-centred-cubic extrinsic stacking fault1 (inset in Fig. 2f).
In addition to twin boundaries, subgrain boundaries and stacking

faults, we observed the 3D core structure of edge and screw disloca-
tions at atomic resolution in the Pt nanoparticle. Figure 3a and b shows
a 7.9-Å-thick internal slice of the nanoparticle and an enlarged view of
an edge dislocation, where the red dots indicate the atomic positions.
By computationally ‘sectioning’ the 7.9-Å-thick slice, we obtained
three consecutive atomic layers, each 2.6-Å thick (Fig. 3c–e). The three
consecutive atomic layers indicate that the dislocation line is in the
10�1½ � direction, and the Burgers vector of the edge dislocation was

determined to be
1

2
101½ � (Fig. 3c). To visualize a screw dislocation, a

5.3-Å-thick slice (two atomic layers) in the �111ð Þ plane was selected
(Supplementary Fig. 11b) and then tilted to the 011½ � direction
(Fig. 4a). Figure 4b shows an enlarged view of the slice where the zigzag
pattern, a characteristic feature of a screw dislocation, is visible. To
better visualize the screw dislocation, we display surface renderings of
the enlarged region (Fig. 4c), where the atoms indicated by green dots
are in the top layer and those indicated by red dots are in the bottom
layer. The zigzag pattern is more clearly visualized in the surface ren-
derings, in which the green line connects the atoms in the top layer and
the red line connects the atoms in the bottom layer. The Burgers vector

of the screw dislocation was determined to be
1

2
01�1½ �, and the width of

the screw dislocation was estimated to be,8.9 Å, which is consistent
with the results obtained by combining high-resolution TEM with
image simulations for Au and Ir (ref. 29).
Careful analysis of the position of the screw dislocation inside the Pt

nanoparticle suggests that the screw dislocation is associated with
atomic steps at a twin boundary (Supplementary Fig. 11). Although
it is often thought that nanoparticles cannot support dislocations, this
is not the case for multiply twinned particles such as the decahedral
one imaged here. These contain a,2% angular strain and a disclina-
tion; at larger sizes this can in principle be relieved by dislocations28. A
recent analysis implied that about one-third of this strain is accom-
modated at the twin boundaries30, but as a 2D projection method was
used in this analysis, it did not provide further insight. Our results
strongly suggest that the twin boundaries are not flat and that disloca-
tions associated with atomic steps at the boundaries account for the
strain relaxation (Supplementary Fig. 11).
The significance of the present work is twofold. First, 3D atomic-

resolution imaging of dislocations allows us to observe new structures
that are not visible in conventional 2D projections; this is expected to
advance our fundamental understanding of dislocations in materials.
Second, although discrete tomography through the use of a priori
information has been applied to reconstruct 3D surface morphology
of a small crystalline nanoparticle at atomic resolution31, EST-based
electron tomography in combination with 3D Fourier filtering repre-
sents a general method for 3D atomic resolution imaging of the local
structure in nanomaterials. Although nanoparticles are used in this
study, thismethod could, in principle, be applied to 3D imaging of thin
materials at atomic resolution; the sample thickness is limited only by
dynamical electron scattering.

METHODS SUMMARY
Pt nanoparticles were synthesized by using peptide sequences in aqueous solution
at room temperature22 and supported on 5-nm-thick silicon nitride membranes.
To stabilize the nanoparticles under a STEMbeam, a thin (,1–2 nm) carbon layer
was deposited on the Pt nanoparticles and the electron energy was kept below the
knock-on radiation damage threshold of Pt. Using HAADF-STEM (energy:
200 keV; spherical aberration: 1.2mm; illumination semi-angle: 10.7mrad;
detector inner and outer angles: 35.2mrad and 212.3mrad, respectively), a tilt
series of 104 projections was acquired from a Pt nanoparticle with equal-slope
increments20 and a tilt range of672.6u. To monitor beam-induced changes to the
nanoparticle, three 0u projections were measured during the acquisition of the tilt
series (Supplementary Fig. 3); they indicated that the Pt nanoparticle was stable
throughout the experiment. After performing background subtraction and CM
alignment for the tilt series, a 3D reconstruction of the nanoparticle was obtained
using the ESTmethod20,23–26. However, 3D dislocations of the nanoparticle cannot
be identified in the raw 3D reconstruction at atomic resolution. To enhance the
SNR of the reconstruction, we developed a 3D Fourier filtering method to identify
all the measurable 3D Bragg peaks and the 3D distribution around each peak. The
3D Fourier transform of the EST reconstruction consists of {111} and {200} Bragg
peaks.We first determined a two-shell volumewith all themeasurable Bragg peaks
and set other voxels to zero.We then chose the most intense {111} Bragg peak as a
reference peak. After optimizing the threshold based on the reference peak
(Supplementary Fig. 4) and performing convolution with a three-voxel-diameter
sphere, we identified all themeasurable peaks and the 3Ddistribution around each
peak (Fig. 1b). After applying the inverse Fourier transform to Fig. 1b, the 3D
structure of the Pt nanoparticle was obtained in which nearly all the atoms are
visible.

Full Methods and any associated references are available in the online version of
the paper.
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Figure 4 | Observation of the 3D core structure of a screw dislocation at
atomic resolution. a, Volume renderings of a 5.3-Å-thick slice (two atomic
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pattern ismore clearly visualized, the Burgers vector (b) of the screw dislocation
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METHODS
Definition of Rnoise. An R-factor was used to define the level of Poisson noise in
each multislice simulation tilt series,

Rh
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wherePh

simulated(x,y) is the projection calculated frommultislice STEMsimulations

at angle h, and Ph

noise(x,y) is the same projection with Poisson noise added. After

computingRh

noise for each projection, we calculated Rnoise by averagingR
h

noise for all

the projections.

Synthesis of Pt nanoparticles. The Pt nanoparticles were synthesized by peptides
in aqueous solution at room temperature, as reported previously22. All reagents
were dissolved in water before using. A pre-prepared vial containing precursor
(chloroplatinic acid hydrate (H2Pt(IV)Cl6?xH2O, 1mM) and S7 peptide (Ser–Ser–
Phe–Pro–Gln–Pro–Asn) solution (30mgml21) were mixed with ascorbic acid
(2mM) immediately before injecting fresh NaBH4 (0.8mM), where NaBH4 and
ascorbic acid were used as reducing agents. The final volume of the reaction
solution was 5ml, and the reaction normally required more than 30min.

Sample preparation. Pt nanoparticles were deposited on a 5-nm-thick silicon
nitridemembrane. Themembrane, with a size of 100mm3 1,500mm, is supported
on a 100-mm-thick silicon frame (http://TEMwindows.com). To dissipate charge
efficiently andmake the nanoparticlesmore stable under an electron beam, a high-
temperature ultrathin carbon coating (http://TEMwindows.com) was applied to
the nanoparticles based on the following procedure. The silicon nitridemembrane
gridwas first placed in a vacuumchamber and the temperaturewas increased from
300 uC to 700 uC at a rate of 10 uC s21. The carbonwas coated during a 5-min soak
at 700 uC. The chamber then naturally cooled to 450 uC over the next 5min before
removing the grid. The silicon nitride membrane grid was finally loaded on a
tomographic sample holder (Fischione 2020) for data acquisition.

Acquisition of tomographic tilt series using HAADF-STEM. STEM images of
the Pt nanoparticles were acquired on a FEI Titan 80-300 microscope (energy:
200 keV; spherical aberration: 1.2mm; illumination semi-angle, 10.7mrad). The
100-pA electron beam was focused to a probe with a 50-mm probe-forming aper-
ture (C2) and rastered over the sample. The scattered electrons were captured by a
Fischione 3000 HAADF detector with angles between 35.2mrad and 212.3mrad
relative to the optical axis. HAADF angles were used to reduce the nonlinear
intensities and the diffraction contrast in the images. The maximum tilt angles
were limited by the holder to 675u. To reduce vibration and drift during data
acquisition, the sample holder was allowed to settle for 1 h after inserting into the
microscope and also for several minutes aftermoving to each new angle. Tilt series
were manually acquired by changing the angle with equal-slope increments20,23–26.
When focusing an image, a nearby nanoparticle (generally within 20 nm along the
rotation axis) was first viewed, thus reducing unnecessary radiation dose to the
particle under study20. Using this low-exposure acquisition scheme, a tomographic
tilt series of 104 projections with equal-slope increments and a tilt range of672.6u
was acquired from a Pt nanoparticle. The probe current was,100pAwith a dwell
time of 48ms per pixel, and themagnification of each projectionwas 3.63 106. The
total electron dose of the tilt series was estimated to be,2.53 107 e Å22. Because
the pixel size in STEM mode may vary, a calibration image of an oriented single-
crystal Au foil (Ted Pella) was taken in STEM mode under the same conditions,
and the STEM pixel size was calibrated to be 0.35 Å. To enhance the SNR in the
projections of the tilt series, 1.53 1.5 pixel binning was performed for each pro-
jection. The pixel size of the binned projections is 0.53 Å.

Background subtraction andCM alignment.To use the EST iterative algorithm,
background subtractionhas to be performed for each projection.We implemented
background subtraction and CM alignment based on the following procedure.
First, we selected the 0u projection and chose a suitable cut-off value to subtract
its background. After projecting the 0u projection onto the y axis (that is, the tilt
axis) to obtain a one-dimensional (1D) curve, we calculated the centre of mass of
the 1D curve (yCM), and set yCM as the origin of the y axis. This 1D curve was used
as a reference curve. Second, we optimized the background subtraction for other
projections based on the reference curve.We scanned the cut-off values from0.5 to
1.5 times themeanvalueof eachprojectionwith an incrementof 0.01. For each cut-
off value, we projected the projection onto the y axis to obtain a 1D curve. By
shifting the 1D curve pixel-by-pixel along the y axis, we calculated the difference
between the 1D curve and the reference curve.We recorded the smallest difference
and the corresponding shift for each 1D curve. After scanning through all the cut-
off values, we plotted the smallest differences against the cut-off values, which
should give a U-shaped curve. We identified the minimum corresponding to the
optimized cut-off value and the shift of a given projection. After performing

background subtractionwith the optimized cut-off values, we calculated the centre
ofmass (yCM) for all the 1D curves. If all of them (that is, rounded yCM) were not at
the origin, we adjusted the cut-off value for the 0u projection (that is, the reference
curve) and repeated the above steps until the best agreement was achieved. Finally,
after performing background subtraction and aligning the projections along the
y axis, we projected all the projections onto the x axis. We calculated the centre of
mass (xCM) for all 1D curves, and set xCM as the origin of the x axis20. After
repeating this process, all the projections were aligned to the tilt axis.

EST reconstruction. The EST iterative algorithm started with converting the
measured projections to Fourier slices by the fractional Fourier transform32. The
algorithm then iterated alternately between real and reciprocal space through the
use of the pseudopolar fast Fourier transform33. In real space, the voxel values
outside a loose support (that is, a rectangular box larger than the true boundary of
the structure to be reconstructed) and the negative voxel values inside the support
were set to zero, whereas in reciprocal space the corresponding calculated Fourier
slices were replaced with the measured ones and the remaining slices kept
unchanged in each iteration. Each iteration was monitored by an error metric,
defined as the difference between the measured and calculated Fourier slices, and
the algorithm was terminated after reaching a maximum number of iterations.
Using the iterative EST algorithm, a preliminary 3D reconstruction was obtained
after 500 iterations. An updated 3D support was determined by convolving the
reconstruction with a Gaussian window and selecting a suitable cut-off. The 3D
shape of the support was also double checked by examining the reconstruction
slice-by-slice to ensure the support does not crop the structure. Using the updated
support, we performed another 500 iterations to obtain a new reconstruction. To
further improve the 3D reconstruction, we also projected the reconstruction back
to calculate projections at given angles. By computing the cross-correlation
between the calculated and measured projections, we further adjusted the align-
ment of the projections to achieve maximum consistency in 3D reconstruction.
Usually the shift should be one pixel or smaller in each dimension. Otherwise, the
data analysis and CM alignment procedure has to be re-done. We then repeated
the procedure for improving the support and back-projection alignment. The final
reconstruction was obtained when no further improvements can be made. The
details of the EST algorithm can be found in refs 20, 23–26.

3D Fourier filtering. As a result of dynamical scattering effects21, the missing-
wedge problem16,18,20 and Poisson noise in the tilt series, not all the atoms or
dislocations are visible in the raw 3D EST reconstruction. To enhance the SNR
in the reconstruction, we developed a 3D Fourier filtering method by using the
following procedure. First, the 3D Fourier transform of the raw reconstruction of
the Pt nanoparticle consists of two sets of lattice planes {111} and {200}. The
intensities of the {111} peaks were estimated to be several times higher than those
of the {200} peaks. We calculated the average radial distance (d) between the {111}
and {200} peaks. Two radii were then determined by Rin5R1112 d and
Rout5R2001 d, where R111 and R200 are the average radial distance for the
{111} and {200} peaks, respectively. By keeping those voxels in the 3D Fourier
transformwith their radii betweenRin andRout, and setting other voxels to zero,we
obtained a two-shell volume including all the measurable 3D Bragg peaks.

Next, we implemented amethod to further reduce noise among the Bragg peaks
within the two-shell volume. We chose the most intense {111} Bragg peak as a
reference peak and calculated thresholds based on the reference peak.We scanned
the thresholds from 1% to 20% of the reference peak in steps of 1%. For each
threshold, we set voxels with values larger than the threshold to one and other
voxels to zero, and obtained a 3Dmask. The 3Dmask was convolved with a three-
voxel-diameter sphere to compute a new 3Dmask, where the convolution process
was to retain the 3D distribution of each Bragg peak. By multiplying the new 3D
mask with the Fourier transform of the raw reconstruction, we obtained a new 3D
Fourier transform. Bymonitoring the change in the noise among the Bragg peaks,
we found that a thresholdwith 10%of the reference peak is large enough to remove
noise among the 3D Bragg peaks, while retaining all the measurable {111} and
{200} peaks and the 3D distribution around each peak (Fig. 1b and Supplementary
Fig. 4). The optimized threshold of 10% of the reference peak obtained here may
vary for different samples.

Finally, by applying the inverse Fourier transform to Fig. 1b and multiplying it
by a 3D shape (that is, a tight support) obtained from the EST reconstruction, we
obtained the 3D structure of the Pt nanoparticle (Supplementary Video 1 and
Fig. 1d). We confirmed the accuracy of the 3D Fourier filtering method by using
two independent approaches: (1)multislice STEMsimulations34 of a decahedral Pt
nanoparticle with edge and screw dislocations (Supplementary Figs 6–8) and (2)
performing a comparisonwith a 3DWiener filter35 on the same experimental data
(Supplementary Figs 5 and 10). In our numerical simulations, we also found that,
compared to 2D Fourier filtering method36–38, 3D Fourier filtering is more accur-
ate. This is because in 3D Fourier filtering, each voxel in 3D reciprocal space is
correlated to all voxels in 3D real space, and vice versa. But in 2D Fourier filtering,
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the correlated information only exists in two dimensions. Thus, for a given object,
there ismore correlated information (voxels) in 3DFourier filtering than in the 2D
case.

32. Bailey, D. H. & Swarztrauber, P. N. The fractional Fourier transform and
applications. SIAM Rev. 33, 389–404 (1991).

33. Averbuch, A., Coifman,R.R., Donoho,D. L., Israeli,M.&Shkolnisky, Y. A framework
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SIAM J. Sci. Comput. 30, 785–803 (2008).

34. Kirkland,E. J.AdvancedComputing inElectronMicroscopy2ndedn(Springer,2010).
35. Brown, R. G. & Hwang, P. Y. C. Introduction to Random Signals and Applied Kalman

Filtering 3rd edn (Wiley, 1996).
36. Saxton, W. O. Computer Techniques for Image Processing in Electron Microscopy
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