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ABSTRACT

Formation of two-dimensional (2D) Fe-C alloy with square lattice structure from the liquid
state is studied via molecular dynamics (MD) simulation. The researchers find that the
crystallization of 2D Fe-C alloy exhibits a first-order-like phase transition. Evolution of structural
and thermodynamic properties upon cooling from the melt of the model is investigated in details.
Structural properties of the FesoCso model are investigated via the radial distribution function
(RDF), coordination number, interatomic distance, and bond-angle distributions. The researchers
find that Fe-Fe distance is 2.62A, which is close to the value of DFT calculations and experiments.
In addition, various types of structural defects are studied such as vacancies of different shapes
and rings of several sizes clearly using the visualization’s software Visual Molecular Dynamics
(VMD). Moreover, it can be proposed that the 2D Fe-C material would have many important
applications in electronics and mechanic devices.

Keywords: molecular dynamics simulation, two-dimensional Fe-C, square lattice struture,
phase transition.

1. Introduction

Finding a two-dimensional (2D) magnetic material has long been a concern of the
scientific community. If this kind of material exists, it is possible to invent large data
storage devices with very a small size and many other useful applications. The introduction
of experimental graphene by Novoselov and co-workers can be seen as a pioneering step in
the field of two-dimensional materials research (Novoselov, 2016). Over the past decade,
the field of 2D materials has attracted many researches by both simulations and
experiments. Many other 2D materials are also found which can have practical applications
such as silicene, germanene, etc. (Tang, 1991; Hoang, 2014). However, for 2D materials
found such as graphene or silicene, there is no band gap which can not be applied in
semiconductor technology. To solve this problem, the 2D membrane of the various alloys
is researched (Bekaroglu, 2010; Sahin, 2009; Lin, 2013; Koskinen, 2015; Yang, 2015).

J. Zhao and co-workers experimentally obtained 2D Fe material from the chemical
vapor deposition (CVD) method (Zhao, 2014). With the MD simulation method,
V.V.Hoang and co-workers obtained 2D Fe material from the liquid state (Hoang, 2017).

132



TAP CHi KHOA HOC - Trwérng PHSP TPHCM Nguyen Hoang Giang et al.

Their results indicate that the bond-length between atoms is about 2.45A which is very
close to 2.44A and 2.41A are found by calculating the DFT (Thomsen, 2015) .Y. Shao and
colleagues conducted a 2D Fe-C alloy study of different Fe concentrations using ab initio
particle swarm optimization technique (Zhao, 2014). However, to the best of our
knowledge, the 2D Fe-C alloy membrane has not been studied clearly. Herein, the
researchers have successfully simulated the two-dimensional structure of Fe-C alloy by
using molecular dynamics (MD) simulation. The simulations suggest that 2D Fe-C alloy
can be synthesized from the liquid state via using the 2NN MEAM potential. It opens the
next research direction related to energetic stability, dynamic stability, thermal stability,
mechanical stability, mechanical properties, electronic properties of 2D Fe-C material.

2.  Calculation

The initial model containing 6400 randomly distributed atoms (3200 Fe and 3200 C
atoms) is relaxed at 6000K for 10° MD steps in order to get an equilibrium 2D liquid state.
Then the model is cooled from 6000 K to 300K at cooling rate of 10 K.s. The final
configuration obtained at 300K is relaxed for 10° MD steps before analyzing structural
characteristics. During the cooling process, periodic boundary conditions are applied for
the x and z directions, whereas the elastic reflection boundary is applied for y ones.

The researchers used the Large-scale Atomic/ Molecular Massively Parallel
Simulator (LAMMPS) software for MD simulation with the Verlet algorithm and MD time
step is 01fs [13]. The ISAACS software is employed to calculate ring statistics. The VMD
software are used for 2D visualization of atomic configurations (Humphrey, 1996).

The interaction between Fe, C atoms in the model is described via the 2NN Meam
potential (Liyanage, 2014) .S.l.Liyanage and his colleagues have also improved the 2NN
MEAM for the Fe-C alloy system for the purpose of predicting the structure and properties
of cementite. This potential is thought to be good for the prediction of thermal properties,
the elastic mass, the crystal lattice constants of Fe and C in the natural crystal structures
that are consistent with the experiment (Liyanage, 2014). In the MEAM, the total energy of
a system is approximated as found previously (Lee, 2000):

1
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Fi is the embedding function, ;, is the background electron density at site i, and

@; (R;;) is the pair interaction between atoms i and j at a distance Rij.

3. Results and discussions
3.1. Thermodynamics and evolution of structure upon cooling from the liquid state

The dependence of total energy per atom of the system on the temperature in a
process indicates the change in the properties of the system relatively to the phase
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transition. This is an important information that needs to be explored to understand
crystallization. Temperature dependence of total energy per atom of the FesoCso model
upon cooling from the liquid state can be seen in Figure 1. The graph of total energy
change by temperature shows that initial energy decreases linearly by temperature, then at
3200K there is an abnormal change. Then, when the temperature reaches 2000K, the graph
again represents the linear change of energy with temperature. Crystallization temperature
can be considered as the middle point of this range, T, = (3200 + 2000)/2 = 2600K . This

point is rather higher than that found for the result of K. Belashchenko and co-workers for
the bulk (T, =2500K , see Ref. (Belashchenko, 2011) .This can be explained by the fact

that in 2D space, the thermal motion is limited in one direction.
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Figure 1. Temperature dependence of total energy of FesoCso

In addition, the evolution of structure of the model upon cooling from 6000K to
300K can be seen in Figure 2. During cooling from 6000K, at 3300K it can be seen that the
first peak is quite low, the RDF is smooth, almost without side vertex, representing the
near-typical order of liquidity. At the 3200K, the first sub peak-appears to be quite
apparent, starting with a change in the structure of the model, beginning of the phase
transition. The lines were almost unchanged until 2600K, with the extra vertices appearing
more clearly along with the peak height one and the double peak increasing indicating a
significant increase of the crystal structure. As the temperature goes down, the height of
the vertices increases and becomes more pronounced. At 2300K and 2000K, there is no
significant difference in the extra vertices, indicating that the model is almost completely
crystallized. At room temperature, the RDF curve is clearly different in height and
boldness indicating that the model is completely crystallized at this temperature.
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More details of evolution of structure of models upon cooling from the liquid state
can be seen via mean coordination number distributions in Figure 3. Cut off radii (R¢) for
the Fe-C, Fe-Fe, C-C links are respectively equaled to 2.7A, 3.25A and 3.2A
(corresponding to the first minimum position after the first peak of the radial distribution
function). At high temperatures, the mean coordination number (CN) is relatively small
demonstrating that the atoms are oscillating and far apart. The mean CN of the system has
a tendency to increase with decreasing temperature and stabilizing after 2600K. This is a
behavior of phase transition at this temperature. At low temperatures, the mean CN is
almost constant, approximately equal to 4. This proves that the model approaches
crystallization. With this result, proving that the model obtained is in the form of a square
lattice structure. For the square lattice structure, the coordination number is the same for all
atoms in the system (Z = 4).
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Figure 2. Evolution of RDF of model obtained upon cooling from the liquid state (Fe-C)
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Figure 3. Temperature dependence of mean coordination number

To understand this mechanism more clearly, VMD software was used to visualize the
phase transition. In particular, the intersection of links shows the position of the atoms in
the model. Visualization of the model according to the temperatures from 2600K to 300K
is shown in Figure 4.

At the temperature of 2600K, the model began to appear crystallization. At
T =2000K , the defects are gradually formed clearly. Finally, at T =300K (the fully
crystallized model) the topology is clearly shaped and create a pretty square grid.
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Figure 4. Visualization of the model according to the temperatures from 2600K to 300K

3.2. Structure of the Fe-C model obtained at 300K

Details of the structure of 2D Fe-C material obtained at 300K by cooling from the
liquid state can be seen in Figures 5,6,7, and 8. The model is relaxed for 108 MD steps,
then it is used to calculate the interatomic distance distributions, see Figure 5. The peak
with the highest concentration of the Fe-Fe bond is around 2.62A which is close to with the
Y.Shao’s calculation (2.65A) (Zhao, 2014). Whereas the distance between two types of
pairs of C-C, Fe-C at about 2.62A, 1.84A.

It can be found that the fraction of the coordination number Z=4 is high, indicating a
nearly perfect crystalline square structure (Figure 6). Similarly, it can be found that 95,8%
of the rings are 4-fold. In addition, the researchers find the existence of small or large
membered rings such as 3-fold, 5-fold, 6-fold, and 8-fold rings, their fraction is very small
(see the Figure 7).
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Figure 5. Interatomic distance distributinons in the model

1.0

0.84

(b) Fe-C

0.06
2 62(A) Fe-Fe
0.044
0.024
0.00 T r T T
1 2 3 4
interatomic distance(A)
0oo8{ 7
1.84(A)
[
2
S
E
0.044
0.00 .
0 1
1.0
(a) Fe-Fe
0.8
0.6
0.4
0.2
0.04 T T
0 2 4 6 8 10

coordination number

138

2 4 5 8
coordination number

10



TAP CHi KHOA HOC - Trwérng PHSP TPHCM Nguyen Hoang Giang et al.

1.0 1.0
(c) C-C J ] (d) C-Fe
0.8 0.8+
5 06 59
g °
E 04 £ 04l
0.2 0.2 -
D-U' T T T T T 0.0 v T 'ﬁ T . T r T
0 2 4 4] 8 10 0 2 4 6 8
coordination number coordination number

Figure 6. Coordination number distributions in the model
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Figure 7. Ring distributions in the model

2D visualization of the atomic configuration of the Fe-C model obtained at 300K
provides good insights into the structure of the material (Figure 8). It is clear that the
atomic configuration exhibits a square structure. In addition, it can be seen that the
received model is not perfect and contains a few defects. This may affect the physical

properties of the material.
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Figure 8. 2D visualization of atomic configuration of model obtained at 300K

3.3.  Some defects of structure of 2D Fe-C alloy

The model has a square structure, so many defects are similar to research of Prof.

V.V. Hoang about a formation of 2D crystals with square lattice structure [18]. However,

the defects are often created by the same causes related to the process of force interaction

and thermal movement during the crystallization process.

The defects of the model are shown in Figure 9. Firstly, it can be seen that the model
with double triangular defects created by a deformed square. The reason is that when the

square structure is deformed, two a Fe-Fe atoms become closer and form a Fe-Fe bond. A

new type of disability found is vacancy defect which is the loss of atoms. Beside, disability

is a large vacancy which making near-atomic link structures easily deformed because the

link balance is altered and forms triangles or pentagon. In addition, there are a lot of
distorted squares showing an imperfect structure especially squares near the boundary.

With calculating by DFT, S. Haldar and co-workers show that magnetic properties
can change in a positive direction by increasing vacancy (Haldar, 2014). Therefore, it is
obvious that losing the C or Fe atoms should lead to affecting the magnetism of the Fe-C

film-
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Figure 9. Some defects of FesoCso model at 300K

4. Conclusions

By using the molecular dynamics simulation, the researchers have successfully
simulated a new two-dimensional Fe-C. The obtained results demonstrate the 2D Fe-C
material can be flexibly produced from the liquid state. The freezing temperature of the
two-dimensional iron carbide membrane from the liquid FeC-has a reasonable value and it
is about 2600K. The final model obtained at 300K has the square structure, the Fe-Fe
linkage constant is 2.62A, the C-C is 2.62A and the Fe-C is 1.84A.
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TOM TAT

Su hinh thanh hep kim Fe-C hai chiéu (2D) ¢6 cau triic ludi 6 vudng ti trang thai long dwoc
nghién citu bang phirong phdp dong hec hoc phan tir (MD). Chiing t6i im thay su tinh thé héa hop
kim Fe-C hai chiéu tudn theo chuyén pha loai 1. Sw thay doi cau triic va tinh chat nhiét dong hoc
ciia qud trinh 1am lanh tir trang théi long dwoc nghién citu chi tiét. Tinh chdt cau tric ciia mé hinh
FesoCso duroc nghién ciu thong qua ham phan bé xuyén tam (RDF),su phdn bé sé phéi vi, khodng
cach céc nguyén tiz va phan bé vong. Chang toi tim dugc khodng cach Fe-Fe 1a 2.62A, gan gid tri
tinh toan DFT va thuc nghiém. Ngodi ra, cac logi khuyét tdt cau tric ciing dwoe im ra nhu nhiéu
hinh dang ciia cdc 16 trong va céc vong c6 nhiéu kich thuée, thé hién qua phan mém VMD. Dya
vao cac két qua dat duoe, ching t6i dé xudt vt liéu Fe-C hai chiéu sé ¢é nhiéu img dung quan
trong trong cac linh kién dién .

Tir khéa: md phong dong luc hoc phan tir, mang 2 chiéu Fe-C, cu tric 6 vudng,
chuyén pha.
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