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Abstract: To analyze amorphous structure models obtained by a molecular dynamics (or reverse
Monte Carlo) simulation, we propose a virtual angstrom-beam electron diffraction analysis. In this
analysis, local electron diffraction patterns are calculated for the amorphous models at equal intervals
as performed in the experiment, and the local structures that generate paired diffraction spots in the
diffraction patterns are further analyzed by combining them with a Fourier transform and a Voronoi
polyhedral analysis. For an example of ZrgyPtyg, an aggregate of coordination polyhedra is formed
which generates similar diffraction patterns from most parts within the aggregate. Furthermore, the
coordination polyhedra are connected in certain orientational relationships which could enhance the
intensity of the diffraction spots.
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1. Introduction

Amorphous structures do not have any structural periodicity or long-range structural
order similar to crystal structures. It is, therefore, hard to characterize amorphous structures
differently from crystal structures which can be classified by space group. However, it is
well known that amorphous structures are not entirely random, unlike ideal gases. Many
previous scattering experiments have revealed the existence of short- to medium-range
order in amorphous structures [1-11]. Atomistic models of amorphous structures have been
constructed using molecular dynamics and reverse Monte Carlo simulations to fit scattering
experiments [6,7] and handmade methods [6-11]. In metallic glasses especially, atomic
coordination polyhedra and their aggregates are proposed as short- and medium-range
order structures [7-11]. Voronoi polyhedral analysis, which gives the geometric features of
coordination polyhedra [12], has been widely used to extract such local structures. This
method is useful for detecting coordination polyhedra, such as icosahedra and prisms,
and their connecting network corresponding to short- and medium-range order structures.
However, it is also necessary to understand the medium-range order based on diffraction
experiments because the observation is basically performed in reciprocal space.

This paper proposes a computational method for extracting the medium-range order
from the models of amorphous structures constructed by a molecular dynamics (or reverse
Monte Carlo) simulation through reciprocal space. In this method, the focused electron
beam virtually goes through the model of amorphous structures and is mainly diffracted by
short- to medium-range order structures, similar to the angstrom-beam electron diffraction
experiment [13-16]. This method enables us to extract medium-range order structures
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from successive local regions in real space that give diffraction patterns, including sharp
diffraction spots.

2. Simulation

Atomic configurations of an amorphous ZrgygPtyg alloy were prepared using a molecu-
lar dynamics method. The embedded atom method of interatomic potentials for a Zr-Pt
system developed by Sheng [17] was utilized for the calculation. The simulation was car-
ried out under constant isothermic-isobaric (NPT) conditions using a LAMMPS Molecular
Dynamics Simulator [18]. The cubic cell, including randomly distributed 9600 Zr and
2400 Pt atoms with a dimension of 6.347 x 6.347 x 6.347 nm?3, was prepared as an initial
configuration. The configuration was kept at 2000 K for 100 ps and then cooled down to
300 K at cooling rates of 3.0 x 10° Ks~! and 3.0 x 10'® Ks~!. The temperature and pressure
were controlled by a Nose-Hoover thermostat and barostat. Electron diffraction patterns
were simulated using a conventional multislice method [19]. The electron accelerating
voltage, third-order spherical aberration coefficient, and defocus value were set to 200 kV,
0.005 mm, and 0 nm, respectively. The convergence semiangle of the electron beam was set
to 4.0 mrad. The electron beam irradiation positions were set at 0.2 nm intervals.

3. Results and Discussion

Figure 1 shows a structural model of the ZrgyPty) metallic glass simulated by the
molecular dynamics method. The cooling rate is 3.0 x 10° K s~!. The model in Figure 1a
is the original cubic model sliced into a 2.0 nm thickness. Note that there is no crystalline
order at all in the structural model. Electron diffraction calculations were then performed
for the local area enclosed by the dotted lines in Figure 1a, and Figure 1b shows 169 points
where the focused electron beam was virtually irradiated at 0.2 nm intervals in the local
area. Figure 2 shows the local electron diffraction patterns calculated from the 169 points
shown in Figure 1b. Distinct diffraction spots were observed in most patterns obtained
from local areas. In particular, it should be noted that similar diffraction patterns can be
seen continuously over several steps.

Electron beam .-_'

Figure 1. (a) Projection of an atomic configuration of the ZrgyPtyy metallic glass sliced into a 2 nm
thickness. (b) Positions where the electron beam is virtually irradiated on the atomic configuration
surrounded by the dotted lines in (a). The interval between spots is 0.2 nm.
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Figure 2. Calculated electron diffraction patterns from the positions shown in Figure 1b.

The 25 electron diffraction patterns surrounded by the dotted lines in Figure 2 are
shown in Figure 3a. Focusing on the diffraction pattern, we can see that two pairs of
diffraction spots are clearly visible and that similar patterns are seen around pattern 13.
Note that similar electron diffraction patterns have been observed experimentally [16].
Figure 3b shows the atomic configuration corresponding to Figure 3a, together with the
numbered points of the beam center. The coordination polyhedra, usually regarded as
the short-range order of metallic glasses, are also shown in Figure 3b. Each coordination
polyhedron consisting of 12 atoms has a Voronoi index of <02 8 1 0 0>, which is a dominant
index in a ZrgyPtyy metallic glass [16].
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Figure 3. (a) Calculated electron diffraction patterns surrounded by the dotted lines in Figure 2.
(b) Atomic configuration, including the positions (position 1-position 25) where electron diffraction
patterns are calculated for each. Coordination polyhedra are also depicted.

As seen in Figure 3, similar diffraction patterns, including two pairs of diffraction
spots, extend over the region with a diameter of about 1.0 nm. This implies that a pseudo
periodic structure corresponding to the paired spots is expected to form in this area. To
understand the pseudo periodicity in the local structure, we performed a fast Fourier
transform (FFT) for the projected image of the atomic configuration in Figure 3b. The FFT
pattern obtained from a black and white image of the atomic configuration is shown in
the inset of Figure 4. We can see two sets of paired diffraction spots similar to pattern
13 in Figure 3a. The inverse FFT images are calculated by using these paired spots and
superimposed on Figure 3b as shown in Figure 4a,b. It can be seen that most of the atoms
are distributed on the periodic gray lines corresponding to the spots in the inset. The shapes
of coordination polyhedra are also related to the periodic lines.

Figure 5 shows the aggregation of coordination polyhedra which can be regarded
as a medium-range order. The orientation in Figure 5a is the same as in Figure 3b, while
Figure 5b is projected from a different orientation. Notably, all coordination polyhedra are
connected by sharing a face or interpenetrating, indicating an orientational relationship
between the neighboring polyhedra. The medium-range order in metallic glasses has
been discussed in terms of the connection of polyhedra so far, and the connection manner
includes point-sharing, edge-sharing, face-sharing, and interpenetrating [20-22]. Among
these, the orientation relationship between polyhedra is arbitrary in the case of point-
sharing or edge-sharing. On the other hand, the orientation relationship is uniquely
determined in the case of face-sharing or interpenetrating, as mentioned above, because
the numbers of sharing atoms are three or more. The constituent atoms tend to construct
pseudo lattice planes that generate sharper diffraction spots in this situation, as seen in
Figure 4. In terms of diffraction, therefore, the latter connections would be more significant
and give a more precise meaning to the medium-range order structures in metallic glasses.
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Figure 4. Inverse fast Fourier transform images obtained by paired spots in the fast Fourier transform
patterns shown in the insets. The fast Fourier transform patterns are calculated from the black and white
image of the atomic configuration in Figure 3b. The spots used in (a,b) are different from each other.

(b)

Face-sharing

Interpenetrating

Figure 5. The aggregate of coordination polyhedra (medium range order) found in Figure 3b. The
difference between (a) and (b) is the projection direction.

The extent to which similar diffraction patterns persist would be a clear way to measure
the size of medium-range order. In Figure 3a, for example, patterns 8, 12, 14, and 18 are
very close to pattern 15, which is at the center, while patterns 21-25, which are a little far
from the center, are totally different from pattern 15. The size of the area giving similar
diffraction patterns would be comparable to a full width at half the maximum of the main
peak of the structure factor, which is usually measured by X-ray or neutron diffraction. In
fact, the full width at half the maximum for the X-ray diffraction of ZrgyPtyg is roughly
estimated to be 1.2 nm from the literature [23], which is consistent with the present analysis.
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Another region of the same model is examined to confirm the validity of the present
method, as shown in Figure 6. It is clearly seen that four polyhedra are connected by
face-sharing or interpenetrating manner. These polyhedra consisting of 13 atoms have a
Voronoi index of <0 0 12 0 0 0>, indicating icosahedral symmetry, except for the orange
one. This implies that the present tool can easily detect the aggregates of polyhedra and
show a clear relationship between the aggregates and the presence of diffraction spots. For
comparison, moreover, a glass state formed with a faster cooling rate (3.0 x 10'3 K s™1)
is also checked as shown in Figure 7. Although a similar aggregate of polyhedra can be
detected, it seems that the size is a bit smaller than that of the slower-cooled model. To
clarify the difference quantitatively, however, a statistical study is necessary.

Interpenetrating

Figure 6. Analysis of another region of the same model. (a) Positions where the electron beam is
virtually irradiated, (b) calculated electron diffraction patterns from the positions, and (c) aggregate
of coordination polyhedra.
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Figure 7. Analysis of the faster-cooled model (3.0 x 1013 K s~ 1). (a) Positions where the electron beam
is virtually irradiated, (b) calculated electron diffraction patterns from the positions, and (c) aggregate
of coordination polyhedra.

In our previous work [16], we emphasized that the distortion of coordination polyhe-
dra (icosahedra) plays a significant role in generating sharp diffraction spots in the local
diffraction patterns. The pseudo lattice planes are basically formed by the distortion of
highly symmetric polyhedra (e.g., regular icosahedra). The present study reinforces this
role and provides an additional fact that the surrounding polyhedra presumably enhance
the diffraction sharpness/intensity by connecting in a face-sharing or interpenetrating
manner. The extension of such aggregates of tightly-connected polyhedra should be related
to a relatively sharp main peak of the structure factors for metallic glasses, compared to the
liquid state, and might be essential for glass formation and stability.

4. Conclusions

This paper proposes the virtual angstrom-beam electron diffraction as an analysis
method for structure models of amorphous materials. This method effectively detects
medium-range order structures that form pseudo lattice planes, giving sharp diffraction
spots by combining them with other methods such as Fourier transform and Voronoi
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polyhedral analysis. The extracted local structures are presumably related to the relatively
sharper main peak of the structure factors, especially for metallic glasses, compared to the
liquids. For future comparison, we intend to analyze not only glassy states but also liquid
states [24] that are difficult to observe directly.
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