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The evaluation of the necessary duration of molecular 
dynamics experiment for the calculation of the self-
diffusion coefficient during migration of different point 
defects in Ni (vacancy, bivacancy, self-interstitial atom, 
hydrogen atom) is conducted in this paper. The mentioned 
defects have different mobility that results in different 
intensities of atoms displacements caused by migration 
of the defect. The accuracy of diffusion coefficient 
calculation is related to the accuracy of estimation of root-
mean-square changes of atoms coordinates. Consequently, 
the accuracy increases with the increase of molecular-
dynamic experiment duration t, the temperature T, and 
the mobility of the defect initiating the diffusion. To 
describe the interatomic interactions, the multi-particle 
Cleri-Rosato potential is used in the study. It is shown that 
the simulation duration of 100 ps is enough to calculate 
the diffusion coefficient when the temperature is higher 
than 0.6 of melting point. When calculating the diffusion 
coefficient of impurity in a metal crystal (for example, 
the hydrogen impurity), it is possible to decrease the root 
mean square error of displacement evaluation of impurity 
atoms by increasing the number of impurity atoms. 

В работе проведена оценка продолжительности мо-
лекулярно-динамического эксперимента, необходимой 
для расчета коэффициента самодиффузии при мигра-
ции различных точечных дефектов: вакансии, бивакан-
сии, собственного межузельного атома, атома водорода. 
Перечисленные дефекты обладают различной подвижно-
стью, в результате чего смещения атомов, возникающие 
вследствие миграции дефекта, имеют разную интенсив-
ность. Погрешность определения коэффициента диф-
фузии связана с точностью определения среднеквадра-
тических изменений координат атомов, которая в свою 
очередь повышается с ростом продолжительности мо-
лекулярно-динамического эксперимента t, температуры 
Т и подвижности дефекта, инициирующего диффузию. 
Для описания межатомных взаимодействий в работе 
использовался многочастичный потенциал Клери — 
Розато. Показано, что для расчета коэффициента диф-
фузии при миграции вакансии, бивакансии и межузель-
ного атома при температурах выше 0,6 от температуры 
плавления достаточно моделирования в течение 100 пс. 
При расчете коэффициента диффузии примеси в кри-
сталле металла, например водорода, одного примесного 
атома, как показано в настоящей работе, недостаточно. 
В данном случае снизить погрешность определения сред-
неквадратических смещений примесных атомов можно 
путем введения большого числа атомов примеси.

*The reported study was partially supported by Ministry of Education and Science of the Russian Federation within the 
framework of the state task (project No. 3.4820.2017/8.9) and RFBR (project No. 16-48-190182-r_а).
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1. Introduction
The molecular dynamics method is intensively used 

nowadays to model the atomic structure and processes 
occurring at the atomic and nano levels in various 
materials. This method allows studying a wide range 
of properties and obtaining many characteristics 
of materials, including kinetic and thermodynamic 
characteristics. The molecular dynamics method has been 
successfully used for thirty years to investigate diffusion 
involving various structural defects and to calculate 
diffusion characteristics, such as diffusion coefficient, 
diffusion activation energy, defect migration energy, 

pre-exponential factor in the corresponding Arrhenius 
equation, using a computer model [1–4].

The diffusion coefficient in the molecular dynamics 
method is usually found using a well-known formula 
relating the diffusion coefficient and the diffusion path:
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here x0i, y0i and z0i — coordinates of initial position 
of the i-th atom; xi, yi and zi — coordinates of the i-th 
atom at the moment of time t; N — the number of atoms 
in the calculation block. Then, the diffusion coefficient is 
calculated as the arithmetic mean of the coefficients Dx, 
Dy and Dz:

                        ( )1
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Once the molecular dynamics simulation is done, 
the calculation block should be cooled down before 
calculation of the diffusion coefficient. Otherwise, 
according to (2), thermal displacements of atoms relative 
to lattice sites will be taken into account during calculation 
of the mean square displacements of atoms.

The accuracy of diffusion coefficient calculation 
is related to the accuracy of evaluation of the mean 
square changes of atoms coordinates. So, the longer 
the molecular dynamics experiment duration t, the higher 
the temperature T and the smaller the migration energy 
of the defect that initiates the diffusion Еm, the more 
the atomic displacements and the accuracy of diffusion 
coefficient calculation should be.

Typically, the computer experiment duration to 
calculate the diffusion coefficient is several hundred 
picoseconds (when the duration of one iteration is 1–10 fs) 
[3–9]. However, special studies on this topic are rare, 
especially, for different types of migrating defects.

The present study is devoted to estimation of molecular 
dynamics experiment duration that is necessary 
for diffusion coefficient calculation during migration 
of various point defects: a vacancy, a bivacancy, an intrinsic 

interstitial atom, a hydrogen atom. For Ni which is used 
in this study, the migration energies of these defects are, 
respectively: 0.97 eV, 0.18 eV, 0.13 eV, 0.34 eV [4, 10].

2. Description of the model
The Ni calculation block of a cube form contains 

8400 atoms. Periodic boundary conditions are imposed 
on the boundaries of the block. The interactions of nickel 
atoms with each other are described by the many-
particle Clery-Rosato potential [11]. The experience 
of applying of this potential shows its helpfulness when 
various properties of metals should be taken into account 
[4, 10, 12]. When modeling of a hydrogen atom migration 
in a Ni crystal, interactions of Ni-H and H-H are described 
using Morse potentials found in [10] with the absorption 
energy, the activation energy of hydrogen diffusion, and 
the binding energy with a vacancy.

When a defect is introduced into the computational 
block before the main computer experiment, a preliminary 
dynamic relaxation of the structure near the defect is 
carried out. After relaxation, the computational block 
is cooled. A vacancy is introduced by removing one 
atom, a bivacancy – by removing two neighboring 
atoms. An interstitial atom, as is known, can be located 
in several positions in the crystal lattice [4]. However, 
when modeling its migration, its starting position does 
not affect the mechanism and intensity of migration. 
In this study, the intrinsic interstitial atom is introduced 
into the dumbbell position in the <100> direction, and 
the hydrogen atom — into the octahedral pore. According 
to [4, 10], these are the most energetically favorable 
positions for such defects.
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The diffusion coefficient is calculated at diffe-
rent temperatures (sufficient for defect migration) 
with consideration of the molecular dynamics experiment 
duration. After a certain period, the calculation block is 
saved, then, for each case, the block is cooled, and the self-
diffusion coefficient is calculated.

The temperature in the model is set through initial 
velocities of atoms according to the Maxwell-Boltzmann 
distribution. The total kinetic energy corresponds 
to the given temperature, and the total momentum 
of the calculation block is equal to zero. The time step 
in molecular dynamics experiments is 5 fs.

3. Results and discussion
Fig. 1 shows the dependence of the self-diffusion 

coefficient for the block of Ni crystal containing 8400 
atoms and one vacancy on the duration of the molecular 
dynamics experiment at temperatures of 1000 K and 
1500 K. The vacancy is the least mobile defect among 
the considered point defects, the energy of vacancy 
migration is greater than that of other defects.

As it is shown in Fig. 1, the diffusion coefficient calculation 
error decreases when the duration of the molecular 
dynamics experiment increases. The error also decreases 
with the increase of temperature. As stated above, this is due 
to increase in atomic displacements, the number of which 
affects the mean square displacement calculation accuracy.

These graphs demonstrate that a computer experiment 
must have the duration of at least 100 ps. at temperatures 
above 1000 K for Ni (i.e., about 0.6 of the melting 
temperature). 

A bivacancy is much more mobile than the vacancy, and 
it is shown, for example, by higher values of the diffusion 
coefficient (Fig. 2). According to the graphs in Fig. 2, 
simulation time of 100 ps is also sufficient to calculate 
the diffusion coefficient during bivacancy migration 
at temperatures above 1000 K. When the bivacancy 
migrates, there is a probability for the bivacancy to be 
divided into two separately migrating vacancies (that 
rises with temperature increasing). This peculiarity 
of bivacancy migration leads to an additional error 
of diffusion coefficient calculation.

                                                        a)                                                                                                           b)
Fig. 1. Dependence of the self-diffusion coefficient for the block of Ni crystal containing 8400 atoms and one vacancy 

on the duration of the molecular dynamics experiment at temperatures of 1000 K (a) and 1500 K (b).

An interstitial atom has the lowest migration energy 
in comparison with other considered defects, i.e., 
at the same temperature, diffusion with its participation 

proceeds comparatively more intensively. This is 
evident, for example, with comparatively higher values 
of the diffusion coefficient (Fig. 3).

                                                          a)                                                                                                         b)
Fig. 2. Dependence of the self-diffusion coefficient for the block of Ni crystal containing 8400 atoms and one bivacancy 

on the duration of the molecular dynamics experiment at temperatures of 1000 K (a) and 1500 K (b).
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A migration of an interstitial atom has its peculiarities. 
This defect, according to [4], consists of at least two 
migration mechanisms: the displacement and rotation 
of the <100> dumbbell and the crowdion mechanism. 
Apparently, this should introduce some error to 
the diffusion coefficient calculation, but this error is 
relatively small — as can be seen in Fig. 3. The diffusion 
coefficient for the interstitial atom migration is the most 
accurate in comparison with the values calculated for other 
considered point defects. It is sufficient for a molecular 
dynamics experiment to have its duration of 50-60 ps. to 
calculate the diffusion coefficient for Ni at temperatures 
above 1000 K.

When calculating the dif fusion coeff icient 
of hydrogen atoms in a metal, only impurity atoms 
participate in the calculation of atomic displacements. 
With the introduction of one hydrogen atom, the calculation 
error for the displacement of impurity atoms (it is alone in this 
case) is extremely high, because the error for the diffusion 
coefficient is high (Fig. 4). In such cases, a greater number 
of defects (hydrogen atoms) are often introduced. As it 
is shown in Fig. 5, the calculation error for the diffusion 
coefficient of hydrogen is much lower for the case of 10 
hydrogen atoms being introduced. The sufficient simulation 
duration to calculate the coefficient at the considered 
temperatures is also 100 ps.

                                                         a)                                                                                                            b)
Fig. 3. Dependence of the self-diffusion coefficient for the block of Ni crystal containing 8400 atoms and one interstitial atom 

on the duration of the molecular dynamics experiment at temperatures of 1000 K (a) and 1500 K (b).

                                                         a)                                                                                                            b)
Fig. 4. Dependence of the diffusion coefficient of hydrogen in Ni at the introduction of one hydrogen atom in the calculation 

block containing 8400 atoms on the duration of the molecular dynamics experiment at temperatures of 1000 K (a) and 1500 K (b).

a)                                                                                                          b)
Fig. 5. Dependence of the diffusion coefficient of hydrogen in Ni at the introduction of 10 hydrogen atoms in the calculation 

block containing 8400 atoms on the duration of the molecular dynamics experiment at temperatures of 1000 K (a) and 1500 K (b).
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4. Summary
The eva luat ion of  the  necessar y  durat ion 

of a molecular dynamics experiment for the calculation 
of  the dif fusion coef f icient during migrat ion 
of different point defects in Ni (a vacancy, a bivacancy, 
a self-interstitial atom, a hydrogen atom) is conducted 
in this study. The listed defects have different mobility 
being the result of the displacements of atoms due 
to defect migrations with different intensities. 
The calculation error for the diffusion coefficient is 
related to the evaluation accuracy of the root-mean-
square changes in the coordinates of atoms. This, 
in turn, increases with the duration of a molecular 

dynamics experiment, the temperature and the mobility 
of the defect initiating the diffusion. It is shown 
that at the temperature higher than 0.6 of melting 
point, the simulation duration of 100 ps. is usually 
enough to calculate the diffusion coefficient during 
migration of a vacancy, a bivacancy, and an interstitial 
atom. Also, it is found out that one impurity atom 
is not enough to calculate the diffusion coefficient 
of an impurity, for example, a hydrogen atom. In this 
case, the calculation accuracy for the mean square 
displacements of impurity atoms can be increased 
by introducing a large number of impurity atoms.
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