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Abstract

The structure analysis of amorphous materials still leaves much room for improvement. Owing to
the lack of translational or rotational symmetry of amorphous materials, it is important to develop
a different approach from that used for crystals for the structure analysis of amorphous materi-
als. Here, the angstrom-beam electron diffraction method was used to obtain the local structure
information of amorphous materials at a sub-nanometre scale. In addition, we discussed the
relationship between the global and local diffraction intensities of amorphous structures, and
verified the effectiveness of the proposed method through basic diffraction simulations. Finally,
some applications of the proposed method to structural and functional amorphous materials are

summarized.
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Introduction

The demand for the local structure analysis of amorphous mate-
rials has increased with an increase in its industrial applications.
The structural details of amorphous materials obtained from the
local structure analysis are important for improving the properties
or functions of amorphous materials, just like in crystals. How-
ever, some fundamental issues limit the in-depth understanding of
the atomic configurations of amorphous materials because of their
lack of translational or rotational symmetry. Generally, amorphous
structures are analysed using a pair distribution function (PDF) based
on X-ray or neutron diffraction experiments [1-3]. The PDF analy-
sis provides information on the average interatomic bond length and
coordination number. Recently, the structural factors of amorphous
materials have been obtained over a wide scattering angle range using
synchrotron radiation, leading to a high-resolution PDF [4]. How-
ever, the PDF analysis cannot adequately unravel the individual local
structures in amorphous structures, although the overall statistical

information can be obtained accurately. Therefore, it is important to

develop a new method with a higher ‘spatial’ resolution compared
to that of PDF to directly obtain local information on the structures
of amorphous materials.

Transmission electron microscopy (TEM) has been utilized for
the observation of amorphous materials because of its high spa-
tial resolution. In the 1970s and 1980s, high-resolution electron
microscopy (HREM) was utilized for the direct observation of amor-
phous materials [5-7]. The HREM images give a maze-like contrast,
which is typical of amorphous structures and includes the noise and
structural information. Krivanek et al. [5] reported that the local
structural order embedded in the noise becomes observable when
the size of the amorphous material is >1.5 nm. Hirotsu et al. sys-
tematically combined HREM and computational simulations and
reported the optimum defocus conditions for the imaging of the
local structural order embedded in amorphous structures [8-10].
They reported the existence of a local crystal-like structural order,
especially in the metal-metalloid-type amorphous alloys. In the
2000s, the quality of the HREM images of amorphous structures
was drastically improved using aberration-corrected TEM [11,12].

© The Author(s) 2021. Published by Oxford University Press on behalf of The Japanese Society of Microscopy. 171

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com


mailto:ahirata@aoni.waseda.jp
http://creativecommons.org/licenses/by-nc/4.0/

172

Microscopy, 2021, Vol. 70, No. 2

(a) Angstrom-size
electron probe

Angstrom-beam
electron diffraction

(b)

100 nm

Fig. 1. (a) Schematic diagram of the angstrom-beam electron diffraction method. (b) Electron diffraction patterns obtained from amorphous Zr-Ni alloy with
different beam sizes. The pattern with 100-nm beam size shows typical halo rings, indicating that the region includes atoms that allow the use of isotropic

assumption. The continuous halo rings gradually become discrete with decreasing beam size (reproduced from [22]).

Yamasaki et al. reported the depth-resolution imaging of amorphous
films using aberration-corrected TEM [13]. Additionally, fluctuation
microscopy has also been reported as an effective approach for sta-
tistically detecting the medium range order of amorphous structures
[14,15].

Meanwhile, a focussed electron beam generated by a field
emission—type gun has been utilized in TEM/scanning transmission
electron microscopy (STEM) to obtain local diffraction patterns
from the local sub-nanoscale regions of amorphous materials. The
method is generally referred to as micro- or nano-beam electron
diffraction. Although this method was actively performed for crys-
tals by Cowley ez al. in the 1970s and 1980s [16,17], there are only
few reports on the application of this method to amorphous materi-
als in the early stage [9,18]. The observation of the non-crystalline
order in metallic glasses by nano-beam electron diffraction was
introduced in the late 2000s [19-21].

Global and local diffraction of amorphous
materials

In this section, we discuss the marked differences between the global
and local diffraction intensities obtained from amorphous materi-
als [1]. Considering their disordered nature, the global diffraction
intensity of amorphous structures should be spatially isotropic. Gen-
erally, halo rings (Fig. 1b) are constantly observed from the relatively
wide areas of amorphous materials, even when the sample is moved
or rotated during TEM. This implies that its diffraction intensity
is isotropic in the three-dimensional reciprocal space and therefore
can be reduced to a one-dimensional radial profile. For monatomic
systems, the three-dimensional intensity is written as follows:
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where Q is the scattering vector (|Q| = 4msind /), f, is the atomic
scattering factor for the #™" atom and #, is the positional vector for

the #th atom. Eq. (1) can be transformed into a one-dimensional
representation using a polar coordinate as follows:
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where pgy is the average atom number density and p(r) is the
radial number density function. In contrast to the diffraction pat-
terns of crystals, where discrete diffraction spots are formed in a
three-dimensional reciprocal space, it is unnecessary to consider the
three-dimensional information of amorphous materials for its global
diffraction intensities. However, the local diffraction intensities of
amorphous materials are discrete and spotty shaped. This is because
the local structures usually contain only a few dozen atoms, in which
the isotropic assumption is no longer valid. Consequently, Eq. (1) is
used rather than Eq. (2). In summary, the diffraction patterns of
the local structures of amorphous materials are composed of spotty
discrete intensity regions rather than halo patterns. It is important
to note that the discrete diffraction patterns of the local structures
of amorphous materials do not imply crystal structures. In the next
section, we demonstrate a method to obtain symmetric diffraction
patterns with relatively sharp diffraction spots of the non-crystalline
local structures of amorphous materials.

Angstrom-beam electron diffraction experiment

Based on the above diffraction theory, for the angstrom-beam
electron diffraction experiment, we considered the realistic local
diffraction patterns of metallic glasses. Fig. 1a is the schematic
illustration of the angstrom-beam electron diffraction experiment,
and Fig. 1b shows the diffraction patterns with several beam sizes
obtained from the metallic glass [22]. When the beam size was
reduced to 0.36 nm, the diffraction pattern with spotty crystal-
like intensity was observed. Note that the local structures did not
have a crystalline order, but exhibited non-crystalline features. The
non-crystalline local structures do not possess any rotational symme-
tries, as opposed to the normal crystals. Such non-crystalline local
structures can be obtained from the glassy structure models made by
molecular dynamics (MD) simulations.
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Fig. 2. Simulated diffraction patterns obtained from (a) single Au atom, (b)
paired Au atoms and (c) atomic cluster extracted from the Zr-Pt metallic glass
model. Atomic configurations corresponding to the patterns are also shown
at the bottom.

Figure 2 illustrates the electron diffraction patterns simulated
from typical atomic clusters as well as those simulated from a single
atom and paired atoms. The simulated pattern from a single atom
(Fig. 2a) exhibited featureless intensity, which is equivalent to the
square of the atomic scattering factor. In contrast, in the diffraction
patterns simulated from the paired atoms (Fig. 2b), variations were
observed in the diffraction intensity along the direction parallel to
the vector Ry;, which originated from a correlation term in Eq. (1).
In addition, as shown in the diffraction pattern simulated from the
atomic cluster in Fig. 2c, the intensity distribution was strongly
dependent on the direction in the three-dimensional space and had
a similar appearance to the diffraction spots normally observed in
crystals, although the intensity was blurred. As mentioned above,
atomic clusters in metallic glasses are normally extracted from the
MD structure models through the Voronoi polyhedral analysis [23].

It should be noted that the Voronoi indices assigned to each atomic

cluster indicate rough geometric features.
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Fig. 3. (a) Sequential change in the simulated diffraction patterns when rotat-
ing the atomic cluster shown in (b). (b) Atomic cluster extracted from the Zr-Pt
metallic glass model as well as its rotation axis. (c) Change in the diffraction
intensity for the spot indicated by arrow in (a).

The spatial feature of the diffraction intensity can be examined
in a three-dimensional reciprocal space by rotating the atomic clus-
ter [24]. Fig. 3a illustrates a series of simulated diffraction patterns
corresponding to different cluster orientations. As shown in Fig. 3b,
while a pair of diffraction spots was maintained in an axis, the other
pairs of diffraction spots faded away, as usually observed in crys-
tals. The change in the diffraction intensity indicated by the arrow
in Fig. 3a is shown in Fig. 3c. As shown in Fig. 3c, the intensity
of the diffraction spot is strongly dependent on the cluster orien-
tation. This implies that the diffraction intensity from the cluster
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Fig. 4. Plots for the atom numbers in the columns that allow the passage of

electron beams with changes in the beam diameter of the electron probe. The
sample thicknesses used in the calculation are 2, 3, 4, 5 and 10 nm.
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Fig. 5. Thickness effects on the diffraction patterns of the amorphous mate-
rials. The multislice calculations were performed for the structure models of
the Zr-Pt metallic glass with thicknesses of (a) 2.5, (b) 5.0, (c) 10.0 and (d) 30.0
nm. The structure model used for the pattern (d) with 30.0-nm thickness is
also depicted in (e).
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is discretized in reciprocal space, even though the cluster does not
exhibit any crystalline features.

The samples used for TEM analysis should be sufficiently thin
to allow the passage of electrons, but should also be thicker than
the size of the atomic cluster. Therefore, it is necessary to consider
the effect of the sample thickness on the diffraction intensity. Here,
we roughly estimated the atom numbers in the column of metallic
glass samples through which electrons pass. Fig. 4 plots the atom
numbers in the columns for several thicknesses, assuming that the
average diameter of atoms and packing density were 0.28 nm and
0.7, respectively. Note that 0.7 is the approximate average packing
density value for typical metallic glasses. When the beam diameter
was <4 A, the atom number was less than 100, even at a thickness of
10 nm. In addition, in this range, the sample thickness had no signif-
icant effect on the atom number. However, with an increase in the
beam diameter, the thickness significantly affected the atom number
in the column. The smaller beam size is critical to suppress the rise in
the atom number. Hence, this method is called the ‘angstrom-beam’
electron diffraction.

The effect of the sample thickness on the atom number in real sit-
uations can be confirmed by the multislice calculation for large-scale
MD simulation models. It is important to note that the multislice
calculation is a simulation method for diffractions or images that
allow for the plural scattering effect. Fig. 5 displays the calculated
electron diffraction patterns of the Zr-Pt MD models with different
sample thicknesses. Note that the thinner model is always a part of
the thicker model. The diffraction patterns from the 2.5- and 5-nm
thickness models exhibited relatively strong paired diffraction spots
similar to those from the individual atomic cluster (Fig. 1b). At a
thickness of 10 nm, the paired diffraction spots were still observed;
however, the intensity becomes non-symmetric. Interestingly, the
overall feature of the pattern of the 10-nm thickness model was not
very different from that of the 2.5-nm thickness model. These results
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indicate that a thickness of <10 nm (possibly <5 nm) is the mini-
mum requirement for the direct observation of the atomic cluster by
the angstrom-beam electron diffraction method. At a thickness of
30 nm, the diffraction pattern still exhibited a spotty intensity rather
than halo rings; however, the background became much stronger.

To understand the spatial extension of the local structures in
amorphous materials, the scanning function of STEM was utilized
to obtain diffraction mappings [24,25]. Based on the STEM results,
we discussed the correlation length, spatial distribution and struc-
tural details of the medium-range order of the metallic glass. Fig. 6
demonstrates an example of the angstrom-beam electron diffraction
mapping of the PdCuNiP bulk metallic glass. Over 1000 diffraction
patterns were sequentially acquired from a thin area of 6 x 6 nm?
of the sample using the STEM mode. Each diffraction pattern was
recorded based on the information on the positions in the real space.
As shown in Fig. 6b, the diffraction mapping was reconstructed
using the recorded data after the experiment. When the mapping was
reconstructed using a certain diffraction vector (inset of Fig. 6b), the
brighter regions with a size of ~1.0-1.5 nm were widely distributed
in the mapping. Fig. 6c illustrates a series of diffraction patterns
obtained from the region surrounded by a white lines.

The angstrom-beam electron diffraction patterns were inter-
preted by calculating the diffraction patterns for the reference
structure models (atomic configurations) obtained from the MD
simulations. The interatomic potentials should be considered when
calculating the structures by the MD simulations. A direct modelling
method should be used when the potentials are absent. In addition,
the validity of the potentials should be confirmed, even if present. To
meet these requirements, a local reverse Monte Carlo (local RMC)
simulation dedicated to angstrom-beam electron diffraction has been
recently proposed [26] as shown in Fig. 7. The procedure of the local
RMC is similar to that of the conventional RMC simulation [27],
where atoms are moved randomly to fit the experimental data. The

Fig. 6. (a) Schematic diagram of the angstrom-beam electron diffraction mapping. (b) Diffraction map constructed using the paired white circles in the integrated
pattern shown in the inset. (c) Diffraction patterns obtained from each dot in the area surrounded by the white lines in (b). (Reproduced from [24]).
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Fig. 7. Analysis of the amorphous Ge-Sb-Te (phase-change recording material) [26]. (a) Schematic diagram of the local RMC procedure. The local RMC simulation
started with a NaCl crystal structure as an initial model shown in (b’). The final model of (c’) was obtained by moving atoms randomly to fit the experimental
pattern of (d). The patterns of (b) and (c) correspond to the models of (b’) and (c’), respectively. (e) Distorted octahedron observed in the final model. (f) The
model viewed from a different orientation, together with the corresponding simulated diffraction pattern of (). (g) Local structure factors for the initial and final
models compared with the global structure factor measured by X-ray diffraction. (Reproduced from [26]).

RMC simulation was initially developed to construct structure mod-
els for disordered materials based on global diffraction data obtained
from the whole area of specimens [27]. Note that the intensity of
global diffraction data is written by Eq.(2). Although the RMC soft-
ware has been improved extensively, the technique was still not
applicable to local diffraction data. We have therefore developed the
local RMC technique that enables us to perform structure modelling
to fit the local experimental data having anisotropic two-dimensional
information which can be described by Eq.(1).

Applications for a variety of amorphous materials

The angstrom-beam electron diffraction method has been applied to
several amorphous materials. In this section, we review the reported
applications revealing local atomic configurations for a variety of
structural and functional amorphous materials [22,26,28-32].
Initially, this technique was applied to the short-range order
(nearest neighbour environment) of metallic glasses [22,28]. Here,
we discuss the physical meaning of the observed short-range order
mentioned earlier. In 1952, Frank reported that non-crystalline
icosahedron, which has a local energy less than those of the fec
or hep crystals, should be locally formed in the liquid or super-
cooled liquid of metals [33]. Inspired by this work, several studies

have been conducted to unravel the presence of an icosahedron in
liquid, supercooled liquid and glasses. It is well known that the icosa-
hedron cannot densely fill the entire space, unlike the crystalline
motifs. This limitation is known as geometric frustration. In this
situation, it is important to determine the appearance of the icosahe-
dron in the densely packed glass states. Hence, we observed a Zr-Pt
metallic glass, where several icosahedra should form based on the
simulations, by the angstrom-beam electron diffraction method [28].
We found that the frequently observed diffraction patterns can be
interpreted as a heavily distorted icosahedron rather than a perfect
icosahedron. The heavy distortion of each icosahedron presumably
addresses the geometric frustration mentioned above.

Amorphous materials may have inhomogeneous or heteroge-
neous nanostructures rather than perfectly homogeneous nanos-
tructures. For example, the inhomogeneous nanostructure that
includes the Si and SiO; nanoregions of amorphous monoxide
(Si0), which is a candidate for the anode of Li-ion battery, has
generated debate among researchers for years. By applying the scan-
ning angstrom-beam electron diffraction technique, we successfully
examined the nanoscale inhomogeneity of amorphous materials.
In addition, by combining this technique with synchrotron X-ray
diffraction, an inhomogeneous structure model that includes the Si
and SiO; nanoregions with interfacial suboxide parts was proposed,
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Fig. 8. Analysis of the inhomogeneous amorphous SiO [29]. Angstrom-beam electron diffraction patterns obtained from (a) bright contrast, (b) interface and
(c) dark contrast regions in ADF-STEM images. Simulated patterns of (a), (b’) and (c), which were simulated from the models of (a”), (b”) and (c”), were consistent
with the experimental patterns of (a), (b) and (c), respectively. The intensity profiles constructed by collecting diffraction patterns from several regions with dark
contrast, bright contrast and interface regions are shown in (d). (Reproduced from [29]).

as shown in Fig. 8 [29]. It is important to note that a specially
designed 3.5-pum condenser aperture leading to a beam diameter of
0.8 nm was used to improve the resolution in the reciprocal space.
This work explicitly demonstrates the importance of the local struc-
tural information for determining the inhomogeneous amorphous
structure that cannot be uniquely identified by the global information
such as the X-ray structure factor. In addition, the inhomogeneity of
metallic glasses was also revealed by the scanning angstrom-beam
electron diffraction method [30].

Consequently, the local structure models based on the angstrom-
beam electron diffraction data was constructed using the local RMC
modelling method, as previously mentioned. For the phase change
recording materials (e.g. Ge;Sb;Tes), we applied this technique to
build plausible structure models based on the corresponding crys-
tal structure [26]. From the amorphous Ge,Sb,Tes, three types of
relatively symmetric diffraction patterns were frequently observed,
as shown in Fig. 7. Based on this, the local structure models
were constructed by the local RMC modelling method, as previ-
ously mentioned. The local RMC procedure was initiated from the
NaCl-type crystal structure, giving similar diffraction patterns in
the experiment rather than a random structure. The heavily dis-
torted NaCl-type structure obtained as a final model is consistent
with the angstrom-beam electron diffraction patterns, as well as
the global structure factor of X-ray diffraction. It is important to
note that the resultant structure model exhibited non-crystalline
features, although the symmetry was close to that of the NaCl
crystal.

Concluding remarks

To unravel the complicated structures of amorphous materials, the
global and local structure information are critical, and both of them
should be obtained if possible. This is because the structure model

is not unique for a global structure factor or pair distribution func-
tion. The angstrom-beam electron diffraction method provided local
structure information, owing to its high spatial resolution. This
method does not provide an overall picture of amorphous structures,
but provides useful insights on the global structure factors. In other
words, the global structure models have become interpreted based
on the local information. Additionally, combining the scanning
function of STEM with this method, the spatial extension and dis-
tribution of local structures was determined. For future studies, this
method can be conflated with mathematical sciences or informatics
to obtain further statistical and meaningful information. For exam-
ple, a huge amount of diffraction patterns could be automatically
classified into several categories using machine learning techniques.
If realized, the angstrom-beam electron diffraction method would
become a more convenient analytical tool for disordered materials.
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