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Abstract: We have investigated the microstructure of amorphous iron nanoparticle (NP) and its
bulk counterpart using molecular dynamic simulation with an embedded atom method (EAM). The
NP models have a spherical shape and surface thickness of 3.6+0.125 A. The microstructure of NP
surface and core is analyzed through the coordination number distribution, density profile and
distribution of simplex radius. Furthermore, the surface roughness has been identified via the
distribution of distance from surface atom to NP surface. It was found that the microstructure of
NP core is quite different from that of NP surface. However, their microstructure is almost
independent on NP size. The simulation result shows that the NP as well as bulk counterpart
contain a large number of "native vacancy". The glass transition temperature increases with NP
size and depends on the fraction of surface atoms.
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1. Introduction

Metal particles with nanometer size have attracted a great deal of interest because of a number of
exciting potential applications in the biological fields, electronic and optical nanodevices [1,2]. With
decreasing of the particle size to nanoscale, the particles are formed by a reduced number of atoms and
a large fraction of them occupies the surface area. This process results in novel and different behavior
which is determined not only by particle size, but also the intrinsic properties of the NP core as well as
the NP surface [3,4]. Presumably, the peculiarity of NP is caused by the change in microstructure of
core and surface particle during process of size reduction. Therefore, the understanding of NP core and
surface at atomic level represents a great interest from both theoretical and practical viewpoints.

NP can be produced experimentally by several ways such as atomic deposition, mechanical
milling, chemical methods or gas-aggregation techniques [3,4]. It was shown that the different sized
particles can be created with well control experimental conditions. Although NP may be of different
shape depending on the fabrication technique, but the spherical NPs are expected to be most stable
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form. Furthermore, the structure of NP with the same chemical composition may be much different,
e.g. it may be crystaline, amorphous or composite. Compared to the bulk sample, the iron NPs show a
great diversity in properties. It was revealed that both phases including ferromagnetic and
paramagnetic occur in the iron NP and their properties depend significantly on the NP size. The
structure of NPs was intensively studied using different techniques such as atomic force microscopy,
transmission electron microscopy, extended X-ray absorption fine-structure techniques and simulation
method [3-6]. The later could provide intrinsic information about the microstructure at atomic level.
Nevertheless, very little works concerning with the microstructure of amorphous iron NP has been
found yet. Therefore, it is worth to carry out a simulation of amorphous iron NP in order to compile a
picture of its core and surface for NP with different size.

2. Calculation procedure

The molecular dynamic (MD) simulation was carried out in samples with spherical shape
containing 1000, 2000, 3000, 4000 and 5000 atoms for NP and in simple cubic box with periodic
boundary conditions for bulk. We use the Sutton-Chen EAM model which successful reproduces iron
liquid at different temperatures and pressures [7].

We first replace N atoms in a cubic box with periodic boundary condition for bulk or in a sphere
with non-periodic boundary condition for NP. Then the melt equilibrated at 7000 K was obtained by
relaxed the sample over 10° MD steps under constant temperature and ambient pressure. The MD step
is 1.4 fs. After that the melt is cool down to temperature of 300 K in order to construct the amorphous
iron model. Next, final sample is obtained by relaxing the model for a long time (about 10° MD steps).

3. Result and discussion

The first quantity we would like to discuss here is pair radial distribution function (PRDF) of
amorphous iron at 300 K which is shown in Fig.1. Although there is some discrepancy around second
peak between simulation and experimental data [8, 9], but in general they are in reasonable agreement
which indicates a reality of constructed models. Compared to the bulk sample the PRDF of NPs
almost coincides in the first and second peaks. The noticeable difference is found at distance r bigger
than 6.0 A, the origin of which is ascribed to the surface part of NP, e.g. as the NP size increases, the
contribution of surface to PRDF decreases. The snapshot of NPs is shown in Fig.2 and the main
characteristics of obtained models are listed in Table 1. Here, to calculate the coordination number we
used a fixed cutoff distance of 3.6 A which is chosen as a minimum after the first peak of PRDF for
the bulk model at 300 K. As shown from Table 1, the averaged energy per an atom as well as the mean
coordination number of NP monotony changes with NP size. Due to the reduction of surface the
contribution the value of Z approaches to that of the bulk.

Fig.3 shows the distribution of coordination number for amorphous iron at 300 K. Largest
difference observed here is the existence of two peaks located at about 9 and 13.2 for NP. Meanwhile,
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there is only a pronounced peak for bulk. The height of those peaks also changes with NP size.
Obviously, the origin of small peak is related to the surface contribution.

Table 1. The characteristics of amorphous iron models at 300 K; E, E,,. and Ej,,,. is averaged energy per atom
for the system (bulk or NP), core and surface of NP, respectively; Z, Z,,. and Z,,uc. is averaged coordination
number for the system, core and surface of the NP, respectively; r,. is radius of core; N, N, is number of
atoms in the system and in the core, respectively

SyStem Er eV EL‘OF(.’! eV Esurfhcer eV Z chre Zsurface Ncare/N rcaresA
1000 atoms  -2.1514 -2.2853 -1.9903 11.67 1340  9.58 0.5460 12.04
2000 atoms  -2.1848 -2.2908 -2.0052 12.05 1342 9.72 0.6290 15.96
3000 atoms  -2.1998 -2.2880 -2.0055 12.19 1336 9.61 0.6880 18.93
4000 atoms  -2.2131 -2.2976 -2.0153 12.33 1341 9.80 0.7008 20.92
5000 atoms  -2.2210 -2.2953 -2.0011 12.41 1339 951 0.7472 23.01

bulk -2.3044 - - 13.19 - - 1.00 -

As seen certain NP characteristics are sensitive to the NP size due to the surface contribution. A
question naturally raises is how to define the surface part of NP. Here we employ a method of sphere-
shell. If the number of atoms belonging to spherical shell with thickness of 0.25 A formed by two
spheres with radius r-0.125 and r+0.125 A is determined, then one can infer two important quantities:
the local density p(r) and the local mean coordination number Z(r) on distance r from NP center. The
profile of p(r) and Z(r) is calculated from =10 A to Fmax With step of 0.25 A. Here Tmax 18 maximal
distance from all atoms to NP center. As shown in Fig. 4, function Z(r) slightly fluctuated around the
value of 13.2 and then at some radius r,,,. its value dropped to zero. In the case of p(r) the amplitude
of fluctuation is larger than that for Z(r), but at the distance near r,,. the function also decreases
towards zero. Such the radius r.,,, can be determined from the functions Z(r) and p(r). The radius 7.,
is defined as the size of NP core, e.g. all atoms located in a sphere with radius r,,,. belong to core and
remaining atoms lie in the surface. The length 7,,,-rc. is corresponded to the thickness of surface
which is found to be 3.6 +0.125 A.

Table 2. The characteristics of NP surface roughness

System 1000 2000 3000 4000 5000
Mean, A ) 1.70 1.67 1.49 1.64 1.35
Variance, A 0.35 0.37 0.58 0.39 0.38

Further relevant information about NP is the surface roughness which is determined by mean of
the distribution of the distance from surface atom to the NP surface: r;;-r..,. (DD). Here r;, is a distance
from i surface atom to the center of NP. For small NP the DD has not well defined form, but with
increasing NP size there is a pronounced peak located in the interval of 1.3-1.8 A. In addition, the
form of DD for large NP is well defined and similar to each other (see Fig.5). The mean and variance
of quantities r;-r,, are listed in Table 2. It can be seen that there is not well defined trend with NP
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size. Presumably, the surface roughness of NP is defined not only by r,,,., but by both parameters: the
faction of surface atoms Ny,z./N and size of NP core r.,,.. Note that the number of atoms in surface
Nouface =N-Neore may be different for different NP with the same r,,,.. Now we turn on to discuss the
surface and core microstructure. As shown in Table 1 the averaged energy per an atom in core is
changed slightly with NP size and approached to the value of bulk. Similar trend is observed for the
mean coordination number, although the fraction of core atoms and radius of core significantly
changes. Furthermore, the value of both quantities Ey and Zy (X indicates the surface or core) is quite
different for core and surface. For instance, the Z,, and Zg,. of sample with 3000 atoms are 13.36
and 9.61, respectively. To infer more information we determine the coordination number distribution
for core (CNDC) and surface (CNDS). Fig.6 shows that the CNDCs as well as CNDS for different
NPs are very similar to each other. The CNDC has a pronounced peak at 13.4, meanwhile, for the
CNDS one can see a peak at 9.0. Unlike CNDC the CNDS has an ansymmetrical form. Therefore, the
microstructure of core seems to like that of the bulk and changes slightly with NP size. As regarding to
surface, its microstructure is almost independent on NP size. Useful information about local structure
can be inferred from simplex analysis. The simplex is defined as a set of four nearest neighboring
atoms which form a tetrahedron. In addition, there is not any atom inside the circum-sphere (CS) of
this tetrahedron (the vertices of the tetrahedron lie on surface of CS). The simplex radius is denoted to
the radius of CS. More detail about the method determining the simplexes can be found elsewhere [6].
Fig.7 shows the distribution of simplex radius (DSR) for amorphous iron. In the case of surface we
consider only simplex with distance between its CS and NP center is less than r,,,. For bulk case the
DSR is widely spread in the interval from 1.4 to 2.55 A. It is worth to note that the shortest distance
between two atoms in the bulk is 2.05 A. Therefore, if one inserts an atom inside the simplex with
radius bigger than 2.05 A, then the distance between the inserting atom and any another atom is also
bigger than 2.05 A. It means that such simplex likes an "empty node" in amorphous matrix, where one
atom is removed. This picture is similar to the case that if we remove one atom from the crystal lattice,
for instance bcc iron, then a large simplex is created. The distance from this simplex to any atom is
bigger than shortest distance between two atoms in the bcc lattice. This simplex is considered as
vacancy in bec lattice. By analogy the simplex with radius bigger than 2.05 A, can be considered as a
“native vacancy” in amorphous iron. Schematic illustration for determining the native vacancy in
amorphous matrix is shown in Fig.8. The native vacancy could play a role of vacancy but their
concentration weakly depends on the temperature. This leads to that the activation energy for iron self-
diffusion is mainly determined by migration part and not as sum of migration and formation energy.
This property is observed experimentally for certain amorphous Fe-based alloys where the activation
energy is significantly lower than ones of the crystalline counterpart [10]. As seen from Fig.7 the DSR
for different NPs is also similar to each other indicating again their similar microstructure. It is
interesting to determine the number of non-overlapping simplexes with radii bigger than 2.05 A which
determines the concentration of native vacancies. The result is presented in Table 3. It can be seen
that the number N,,. monotoneously decreases with increasing the size of NP. Compared to the core,
the number N,,. in surface is much larger. Although the number of native vacancy has a little
influences on the main characteristics such as E, Z, and the distribution of coordination number,
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however it characterizes a homogeneity in amorphous structure. Therefore, the bigger the NP size is,
the more homogeneous is its structure. Combining with above result one can conclude that the
diversity in NP properties is caused mainly by the difference of the core radius r,,,. and the fraction of
surface atoms Nyypce/N.

Table 3. The number of native vacancy per atom, N,.

System 1000 2000 3000 4000 5000 Bulk
Nyae 0.054 0.020 0.010 0.008 0.004 0.001

Amorphous material transforms from glass solid form to liquid-state at glass transition temperature
T,. For MD simulation the temperature 7, can be determined via the intersection of a linear high
temperature and low temperature extrapolation of the potential energy of the system as shown in Fig.9
for the NPs with 1000 and 5000 atoms. In order to evaluate the size effect of NP we determine the 7,
for different NPs. The estimate of T, was equal to 860, 872, 928, 944 and 960 K for NP samples with
1000, 2000, 3000, 4000 and 5000 atoms, respectively. The glass transition temperature for bulk liquid
obtained in present work is around 1050K which is higher than that for NP. This is in agreement with
values experimentally observed for organic NP. Although fundamentally important, the nature of glass
transition is not well understood [11]. Several parameters which influence on glass transition in system
at nanoscale can be considered such as the size effect, interfacial effect, macroscopic confinement
effect and boundary conditions [12]. In accordance to our simulation, the variation of temperature 7,
with NP size is ascribed to the fraction of core atoms N,,,./N.

4. Conclusion

In summary we employ molecular dynamic simulation with Sutton-Chen EAM to investigate the
microstructure of amorphous iron NP and its bulk counterpart. Our study addresses the microstructure
of the NP core with different size and the surface with thickness of 3.6 +0.125 A. The result shows
that the structural and energetic characteristics of NP core such as the mean potential energy per an
atom, statistic of the coordination number and simplexes are almost independent on NP size. The same
trend was found for NP surface indicating that their microstructure is little changed with NP size.
Compared to bulk counterpart we observe the similarity of the microstructure with NP core. Therefore,
the great diversity in properties of NP is related to the fraction of surface atoms and size of core. Our
simulation shows that the NP as well as bulk contains a number of "native vacancy" which is a
simplex with radius bigger than 2.05 A. The concentration of native vacancy monotony decreases with
increasing the NP size. The glass transition temperature is determined via intersection of a linear high
temperature and low temperature extrapolation of potential energy of system. It was found that the
glass transition temperature increases with NP size and is lower than that of bulk counterpart.
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Fig. 1. The pair radial distribution functions for NP sample (top) and bulk (bottom) at 300 K.

Fig. 2. The snapshot of NP (top) and half of NP (bottom) which consist only of atoms i
with coordinate y; <O (another half of NP with coordinate y; >0 has been removed);
The blue (black in print version) and red (gray in print version) spheres represent the
surface and core atom, respectively.
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Fig. 3. The coordination number distribution in amorphous iron at 300 K.
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Fig. 4. The local mean coordination number (left) and local density (right) distributions
for spherical shell.
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represent the core and surface case, respectively.
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Fig. 7. The distribution of simplex radius for surface (top) and core
(bottom).

Fig. 8. Schematic illustration of "vacancy native", here filled circles are denoted to atoms. There are two
locations (a) and (b). At first one a simplex (native vacancy) has a distance r, bigger than r,, where ry, is a
shortest distance between two atoms in the location (b).
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Fig. 9. Determination of glass transition temperature of NP with 1000 and
5000 atoms.
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