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Towards three-dimensional structural determination of amorphous materials at atomic resolution
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Through numerical experiments, we demonstrate an electron tomography method for three-dimensional (3D)
structural determination of amorphous materials at atomic resolution. By combining multislice simulations of
an aberration-corrected scanning transmission electron microscope with equally sloped tomography, we have
determined the 3D atomic structure of a simulated glass particle, consisting of 334 Si and 668 O atoms, from
a tilt series of 55 noisy projections. An atomic model refinement method has been implemented to locate the
positions of the Si and O atoms in the reconstruction. We expect that the development of this general method
will find applications across several disciplines in the physical sciences.
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The three-dimensional (3D) atomic structures of
amorphous materials, such as glasses, are key to understanding
the origin of glass transitions and associated phenomena.1

Previous studies of amorphous structures have relied on con-
ventional diffraction, scattering, Raman, and nuclear magnetic
resonance spectroscopy, coupled with computational methods,
such as molecular-dynamics and ab initio calculations.2–9

Recently, atomic resolution transmission electron microscopy
has been used to directly image a two-dimensional (2D) silica
glass supported on graphene.10 However, presently, there are
no experimental methods available to directly image the atomic
structure of amorphous materials in three dimensions. A
very promising technique to overcome this barrier is electron
tomography.11–17 The combination of annular dark-field
(ADF) scanning transmission electron microscopy18 (STEM)
and a novel data acquisition and image reconstruction method
known as equally sloped tomography19–27(EST) has recently
achieved a 3D reconstruction of a Au nanoparticle at 2.4-Å
resolution from a tilt series of 69 projections.16 The center of
mass (c.m.) approach has been used to align the projections
of the tilt series at atomic precision.16 EST has been shown
to partially recover missing information in the reconstruction
better than other tomographic reconstruction algorithms.21

This missing information arises from the need to limit the
number of total projections due to radiation damage as well
as the missing wedge problem (i.e., specimens cannot usually
be tilted beyond ± 79◦). More recently, electron tomography
has been applied to image nearly all the atoms in a Pt
nanoparticle, and the atomic core structure of edge and screw
dislocations in the nanoparticle have been observed in three
dimensions.17 Here, we make another significant advance
in electron tomography and demonstrate, through numerical
experiments, a general method for 3D structural determination
of amorphous materials at atomic resolution. By combining
multislice STEM simulations28 with EST,16,17,19–27 we have
shown the feasibility of determining the 3D atomic structure
of a (24.7 × 24.7 × 24.7) − Å

3
amorphous silica particle.

The atomic structure of the amorphous silica particle was
generated by molecular-dynamics simulations. Presently, there

are several methods available for the simulation of amorphous
structures, such as reverse Monte Carlo5 and molecular
dynamics.6 In this Rapid Communication, a simulated melt
and quench approach was used to generate an amorphous
silica structure with a cooling rate of 2.5 K/ps. A set
of partial charge Buckingham potentials was employed in
the molecular-dynamics simulations.7 The amorphous silica
structure obtained by this approach has few coordination
defects29 and is in good agreement with neutron-diffraction
data.30 The glass structure, consisting of 334 Si atoms and 668
O atoms (Fig. 1), was used to calculate a tomographic tilt series
by multislice STEM simulations.28 An aberration-corrected
STEM with an electron energy of 80 keV was employed in
the calculation (spherical aberration: 0; fifth order spherical
aberration: 2.5 mm; probe FWHM: 0.8 Å; pixel size: 0.5 Å).
In our multislice simulations, we first determined the optimal
illumination semiangle and detector inner and outer angles by
calculating a number of tilt series. Each tilt series consists
of 55 projections with a tilt range of ± 72.6◦ and equal-
slope tilt increments between projections.16,17,19–27 To simulate
potential errors in experimental conditions, the ideal EST tilt
angles were continuously shifted by 0◦ to 0.5◦ throughout the
process of the tilt series was randomly shifted in the image
plane. Each tilt series was quantified by Rtilt, defined as
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where P θ
l (x,y) represents the linear projection of the Coulomb

potential of the glass particle and P θ
m(x,y) represents the

multislice simulated projection at tilt angle θ . By averaging
Rθ

tilt for 55 projections, we calculated Rtilt for each tilt series.
Table I shows Rtilt as a function of the illumination semiangle
and detector inner and outer angles. Rtilt is smallest when the
illumination semiangle is 27 mrad and the detector inner and
outer angles are 80 and 400 mrad, respectively. Poisson noise
was added to the optimal tilt series equivalent to a total electron
dose of 2.2 × 106, 1.43 × 106, 5.5 × 105, and 3.0 × 105 e/Å

2
,

respectively. An Rnoise was used to quantify the noise level for
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FIG. 1. (Color online) Three-dimensional atomic structure of
an amorphous silica particle generated by molecular-dynamics
simulations. The simulation cell is 24.7 × 24.7 × 24.7Å

3
, and the

total number of atoms is 1002 where the yellow balls represent the
Si atoms and the red balls represent the O atoms. No coordination
defects are observed in the structure.

each tilt series, defined as

Rθ
noise =

∑
x,y

∣
∣P θ

noise(x,y) − P θ
m(x,y)

∣
∣

∑
x,y P θ

m(x,y)
, (2)

where P θ
noise(x,y) is the projection calculated from multislice

STEM simulations at angle θ with Poisson noise added. By
averaging Rθ

noise for 55 projections, we obtained Rnoise for
each tilt series. With the dose levels of 2.2 × 106, 1.43 × 106,
5.5 × 105, and 3.0 × 105 e/Å

2
, Rnoise was calculated to be

10%, 12%, 20%, and 25%, respectively. Figure 2(a) shows
a representative multislice projection at 0◦ with Rnoise =
25%. To examine the experimental feasibility, we acquired
a 0◦ projection of a SiO2 structure by using TEAM I, an
aberration-corrected STEM at the National Center of Electron
Microscopy, under similar conditions as the multislice STEM
simulations. Figure 2(b) shows the experimental projection of
the SiO2 structure. Figures 2(c) and 2(d) show the 2D Fourier
modulus of Figs. 2(a) and 2(b), respectively. The horizontal

TABLE I. Rtilt as a function of the illumination semiangle and the
detector inner and outer angles. Rtilt is smallest when the illumination
semiangle is 27 mrad and the detector inner and outer angles are 80
and 400 mrad.

Semiangle Detector inner and outer angles (mrad)

(mrad) 50–250 60–300 70–350 80–400

25 0.263 0.256 0.253 0.252
26 0.260 0.253 0.250 0.249
27 0.259 0.252 0.249 0.248
28 0.260 0.253 0.250 0.249
29 0.264 0.256 0.252 0.251
30 0.269 0.260 0.256 0.255
31 0.276 0.267 0.262 0.260
32 0.289 0.276 0.270 0.268
33 0.299 0.288 0.280 0.278
34 0.316 0.304 0.294 0.291
35 0.335 0.323 0.312 0.308

FIG. 2. (a) Representative multislice STEM projection at 0◦ with
Rnoise = 25%. (b) Experimental projection of a SiO2 structure,
acquired by an aberration-corrected STEM under the similar con-
ditions as the multislice STEM simulations. (c) The 2D Fourier
modulus of (a). (d) The 2D Fourier modulus of (b). (e) Horizontal
line scans across the origin of the 2D Fourier modulus where the
spatial frequency (q) is defined as the inverse of the spatial resolution.
(f) Vertical line scans across the origin of the 2D Fourier modulus.
The overall features of the two projections are consistent, and the
differences between the two projections are partially because the
experimental SiO2 structure is thicker than the simulation.

and vertical line scans across the origin of the 2D Fourier
modulus [Figs. 2(e) and 2(f)] indicate that the overall features
of the two projections are consistent.

In order to achieve an atomic resolution reconstruction,
the projections of the tilt series have to be aligned along both
the X and the Y axes with atomic precision where the Y axis
is the rotation axis and the Z axis is the beam direction. To
align the tilt series along the Y axis, we projected each
projection to the Y axis to obtain a one-dimensional (1D)
curve. By using the 1D curve of the 0◦ projection as a
reference, we aligned the remaining 54 1D curves to the
reference based on cross correlation. To align the tilt series
along the X axis, we used the c.m. method.16,17 First, each
projection was projected to the X axis to obtain 55 1D curves.
We then calculated the center of mass (Xc.m.) for each 1D
curve and set Xc.m. as the origin of the 1D curve. By repeating
the procedure for all 1D curves, we aligned the projections
along the X axis. The accuracy of the c.m. alignment method
is a fraction of a pixel where the pixel size is 0.5 Å.

After aligning the tilt series, the 3D structure of the glass
particle was reconstructed using the EST algorithm.16,17,19–27

EST first converted the 55 projections to Fourier slices by
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the fractional Fourier transform.31 The algorithm then iterated
back and forth between real and reciprocal spaces through
the use of the pseudopolar fast Fourier transform.32 In real
space, the values outside an estimated loose support (i.e.,
a rectangular box larger than the particle) and any negative
values inside the support were set to zero. In reciprocal space,
the corresponding 55 Fourier slices were replaced with the
known ones, and the remaining slices were kept unchanged.
The convergence of the algorithm was monitored by an error
metric, defined as the difference between the 55 known and the
calculated Fourier slices. After 200 iterations, the error metric
did not improve any further, and a 3D image was obtained. A
tighter 3D support was determined from the image. Using the
tighter support, we ran the EST algorithm for 200 additional
iterations and obtained a final 3D reconstruction. We repeated
the same reconstruction procedure for all four tilt series with
different noise levels. Compared to phase retrieval in coherent
diffraction imaging,33,34 the EST algorithm is designed to
recover the missing information and, thus, converges more
quickly to a final solution.

To locate the Si and O atoms in the EST reconstructions,
we implemented an atomic model refinement method based on
the Collaborative Computational Project Number 4 (CCP4).
CCP4 was first established in 1979 and has assembled a
comprehensive collection of programs for phase determination
and model refinement in macromolecular crystallography.35

In this Rapid Communication, we used a CCP4 program
called PEAKMAX to trace Si and O atoms in the EST
reconstructions. Three constraints have been used in the atom
tracing procedure: (i) The voxels with atoms should have
larger values than those without atoms, (ii) the voxels with
Si atoms should have larger values than those with O atoms,
and (iii) each atom has a finite size. After searching for
peaks in each 3D reconstruction, PEAKMAX listed the peak
positions and peak intensity in descending order. Figure 3
shows the peak intensity (σ ) as a function of the number
of peaks (atoms) for the reconstructions with different noise
levels where σ represents the peak intensity in PEAKMAX. A
threshold peak intensity is observed, which is due to the image
contrast difference between Si and O atoms. In high-angle
ADF (HAADF)-STEM, the diffraction and phase contrast
effects are significantly reduced, and the image contrast of
atoms is roughly proportional to Z1.8 where Z is the atomic
number.11,13,18,36 The peak intensity difference between Si
and O atoms is obvious with Rnoise = 10% [Fig. 3(a)] and
remains distinguishable with Rnoise = 12%, 20%, and 25%
[Figs. 3(b)–3(d)]. These results indicate that Si atoms are above
the threshold peak intensity and the O atoms are below the
threshold. The number of Si and O atoms traced is 334 and
668, respectively, which are in good agreement with the model.

After tracing the atoms in the EST reconstructions, we
examined the 3D atomic structure of the glass particle.
Figures 4(a)–4(c) show three 3-Å-thick central slices in the
YZ, XZ, and XY planes, respectively, of the original glass
particle in which the yellow spheres represent the Si atoms
and the red spheres represent the O atoms (hardball model).
The corresponding three slices of the EST reconstruction with
Rnoise = 10% are shown in Figs. 4(d)–4(f) where the traced
atomic positions are in excellent agreement with those in
the original structure. With the increase in the noise level, the

FIG. 3. (Color online) Peak intensity (σ ) as a function of the
number of peaks (atoms) for the reconstructions with a noise level of
(a) Rnoise = 10%, (b) 12%, (c) 20%, and (d) 25%, where σ represents
the peak intensity in PEAKMAX. A threshold peak intensity is observed
in the curves, which is due to the image contrast difference between
Si and O atoms.

3D atomic structure of the reconstruction is slightly degraded.
Figures 4(g)–4(i) show the corresponding three slices of the
reconstruction with Rnoise = 25%. Whereas the positions of
all Si atoms and most O atoms are correctly located, several
O atoms deviate from their correct positions as indicated by
arrows in Figs. 4(g)–4(i).

To quantify the traced atoms, we calculated the deviation
of the atomic positions relative to the original glass structure
model. Figure 5 shows the deviation as a function of the traced
atoms for four different noise levels. With Rnoise = 10%, all Si
and O atoms are correctly located from the EST reconstruction.
In this case, the deviation of all atomic positions is within the
resolution of the reconstruction [Fig. 5(a)]. When Rnoise is
increased to 12%, one O atom deviates about 2.2 Å from its
correct position [Fig. 5(b)]. With Rnoise = 20%, 12 O atoms
are misplaced, and the deviations of all other atoms are within
0.6 Å [Fig. 5(c)]. With Rnoise = 25%, 38 O atoms deviate from
their correct positions with an average deviation of 2.5 Å,
and the positions of all other atoms are correctly located
[Fig. 5(d)]. These results suggest that, with an electron dose
above 1.43 × 106 e/Å

2
per tilt series (approximately 14-μs

dwell time for an image with 70 pA of probe beam current),
the positions of all Si and O atoms of the glass particle can be
accurately located from the EST reconstruction. Finally, we
want to point out that our numerical experiments did not take
into account the contribution from a support film, which would
reduce the signal-to-noise ratio of the projections especially
at high angles. We expect to solve this problem by making
needle-shaped SiO2 samples and avoiding the use of a support
film.

In conclusion, by using multislice STEM simulations,28

we calculated a tomographic tilt series of 55 projections
from a (24.7 × 24.7 × 24.7) − Å

3
glass particle, consisting
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FIG. 4. (Color online) (a)–(c) Three 3-Å thick central slices in the YZ, XZ, and XY planes of the original glass particle in which the yellow
spheres represent the Si atoms and the red spheres represent the O atoms (hardball model). (d)–(f) Corresponding slices of the EST reconstruction
with Rnoise = 10% where the atomic positions are in excellent agreement with those in the original structure. (g)–(i) Corresponding slices of the
reconstruction with Rnoise = 25%. While the positions of all Si atoms and most O atoms are correctly located, several O atoms are misplaced
as indicated by arrows.

FIG. 5. (Color online) Deviation of the atomic positions as a
function of the traced atoms for the four different noise levels.
(a) The positions of all Si and O atoms are correctly located from the
EST reconstruction with Rnoise = 10%. (b) One O atom is misplaced
with Rnoise = 12%. (c) Twelve O atoms are misplaced, and the
positions of all other atoms are correctly identified with Rnoise = 20%.
(d) Thirty-eight O atoms are misplaced, and the positions of all other
atoms are correctly located with Rnoise = 25%.

of 334 Si and 668 O atoms. After adding different levels
of Poisson noise to the projections, we aligned the tilt
series with the c.m. method16,17 and performed tomographic
reconstructions with the EST algorithm.16,17,19–27 The atomic
positions in the reconstructed glass particle were identified by
PEAKMAX, a program originally developed for macromolecular
crystallography. We found that, with a low noise level (Rnoise =
10%), the positions of all 1002 Si and O atoms can be correctly
located from the EST reconstruction. With an increase in the
noise level (Rnoise = 12%, 20%, and 25%), all the Si atoms
and most of the O atoms can be accurately traced, whereas,
several O atoms deviate from their correct positions. This study
demonstrates the feasibility of determining the 3D atomic
structure of amorphous materials through the combination
of aberration-corrected HAADF-STEM and the EST method.
To confirm our numerical simulations, we have acquired
an experimental projection from a SiO2 structure with an
aberration-corrected STEM under similar conditions as the
multislice simulations. The overall features of the experimental
projection agree with the multislice STEM simulation.
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