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ABSTRACT
In bcc V and Fe crystals, the study of formation and migration mechanisms, energetic and
crystallographic characteristics of self-point defects (self interstitial atom, vacancy) has been
carried out by molecular statics and molecular dynamics methods with use of semiempirical many
body interaction potentials.
Key Words: vanadium, iron, self-point defects, diffusion, interatomic interaction potentials

1. INTRODUCTION
Predictive ability of phenomenological models of changes of material macroproperties depends
critically on the reliability of knowledge of self-point defects (vacancies and SIAs – selfinterstitial atoms) characteristics and their clusters. There are significant difficulties in
determining self-point defects characteristics by experimental methods. Therefore the problem of
development and refinement of theoretical methods of investigation of self-point defects
behavior and their interaction with other crystal lattice defects (dislocations, others) is of
importance.
Until now alternative models, suggested for the description of self-defects behavior in iron and
vanadium, are discussed in literature. The situation concerning iron was analyzed in detail in [1]
and it was shown that the vacancy migration took place at the annealing stage III of irradiated
high purity iron at temperature ~ 270 K.
The properties of self-point defects in vanadium are much less investigated by experimental and
theoretical methods. Due to this there are two practically equally justified points of view
regarding the behavior of self-defects in this metal. The authors of [2,3] proves the point of view
that the vacancy migration energy in vanadium equals to (1 – 1.3) eV basing on the results of
measurements of self diffusion and equilibrium vacancy concentration by positron annihilation
technique. Essential drawback of this model is that the influence of interstitial impurity atoms
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forming stable complexes with vacancies was not taken into account. Alternative approach [4,5]
is based on the analysis of annealing stages of irradiated vanadium was suggested. In this case
the vacancy migration takes place at the temperature of the annealing stage III (170 K – 200 K)
and is characterized by the activation energy (0.4 – 0.5) eV. There is even more uncertain
situation regarding the symmetry and the migration energy of the stable SIA configuration in
vanadium. Ab initio calculations [6,7] predict stability of <111> dumbbell SIA configuration in V
and other bcc refractory metals (except for Fe) and very low SIA migration energy. However, the
results regarding the symmetry and mobility of SIA in Mo and W contradict to experimental
observations [8]. It is possible that this discrepancy is the consequence of approximations
employed in ab initio calculations. The analysis of experimental data [5,9-12], taking into
account the influence of solute interstitial impurity on the annealing kinetics, drew to a
conclusion [13] that the vacancy migration takes place at the annealing stage III, and the
migration of the stable SIA configuration takes place at the annealing stage IE (~ 80 K) with the
activation energy ~ 0.2 eV.
In this work the results of study of self-point defect characteristics by molecular statics (MS) and
molecular dynamics (MD) in Fe and V crystals are presented. Calculations were performed on
the base of suggested interatomic potentials [1,13] developed with the condition of the best
agreement of the complex of calculated defects characteristics and the corresponding
experimental data set.
2. INTERATOMIC POTENTIALS IN VANADIUM AND IRON CRYSTALS
Interatomic interaction potential [13] describing interactions in vanadium crystal was developed
by using Finnis-Sinclair approach [14]. In the framework of this method the total energy E of the
system containing N atoms can be written as
1/ 2

N ⎡ N
⎤
1 N
E = ∑ ϕ ( rij ) − ∑ ⎢ ∑ ρ ( rij ) ⎥
2 i =1,i ≠ j
i =1 ⎣ j =1, j ≠ i
⎦

,

(1)

where ϕ (r) and ρ (r) are the empirical functions describing pairwise and many body interactions
in the crystallite; rij is the distance between atoms i and j.
The functional dependence ρ (r) at r < r2 (rk is the distance to the kth nearest neighbor in bcc
lattice) was written as
n
m
ρ ( r ) = ⎡ a ( r − rC ) + b ( r − rC ) ⎤ ,

⎣

⎦

(2)

where n, m (n < m) are the integer variables, rС is the cutoff distance, and values a, b are
determined analogously to algorithm [14]. ρ (r) consists of two 5th order polynomials at
r2 < r < rС. Their coefficients were determined from the condition of joining of the polynomials
and their first three derivatives with each other and with the function (2) at r = ri at r = r2,
correspondingly, and the condition that ρ (r) and its first three derivatives were equal to zero at
r = rC.
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Pair potential ϕ (r) consists of the set of 5th order polynomials joined to the third derivative. The
condition of joining of ϕ (r) and its first three derivatives with the universal screening Coulomb
potential [15] at short distances and the condition that ϕ (r) and its first three derivatives were
equal to zero at r = rC were used.
The following experimental data set of vanadium bulk properties was used for determination of
potential parameters: lattice constant r2 = 0.30204 nm at zero temperature; the elastic constants
c11 = 238.2 GPa, c12 = 122.04 GPa, c44 = 46.8 GPa [16]; the sublimation energy ES = 5.30 eV [17];
the equation of state P(V) [18,19]. Under the condition of the maximal satisfaction to this
experimental data set, ultimate parameters of functions ϕ (r) and ρ (r) were determined by an
iteration method during the process of adjustment of calculated values of the vacancy formation
EVF and migration energies EVM , SIA migration energy EIM to the corresponding values chosen
on the basis of the analysis of experimental data complex. As a result of this analysis of the
experimental data on the annealing stages of irradiated specimens [9-11], self diffusivity [20-25],
thermally equilibrium vacancy concentration measured by the positron annihilation method [2,3],
kinetics of dislocation loop concentration change under the irradiation in the high-voltage
electron microscope [12], kinetics of helium thermodesorption [5] and others, the following
values of self-point defect characteristics in vanadium were extracted to which the computer
model was adjusted: EVF = (2.55 ± 0.05) eV; EVM = (0.45 ± 0.05) eV; EIM = (0.18 ± 0.03) eV.
Tables A.I –A.III list the obtained parameters of the functions ϕ (r) and ρ (r).
The semi-empirical model of transition metal [1] used for studying defects in iron crystal
describes the ion core interactions in the framework of pair central-symmetric interaction
potential and takes into account effects of electron density redistribution under crystal distortion
or defect formation by introducing a volume dependent additive component into the crystal
energy density. Parameters of the functional dependence of the interaction potential were
determined by the iteration method during the process of adjustment of model results to
experimentally known bulk properties of the crystal and characteristics of self-defects. The
model results precisely meet the equilibrium elastic constants and agree with experimental
measurements of the equation of state, dispersion curves, Debye frequency, Gruneisen constant
and temperature dependencies of thermal properties (lattice constant, temperature coefficient of
linear expansion, thermal vibrations amplitude of atoms) [1].
3. COMPUTING METHODS OF SELF-POINT DEFECTS CHARACTERISTICS

To calculate the defect characteristics by MS, a cubic model crystallite under a fixed boundary
condition containing ~·104 free atoms was used. The model crystallite was composed of three
areas: the inner area I, the intermediate area II and external area III. The atoms of the area I were
free, and the atoms of the areas II and III were fixed. The area III was necessary to nullify the
forces acting on the atoms of the area II in the perfect crystallite. The minimization of the
potential energy of the crystallite containing a defect was performed by steepest descent method
until the maximal acting force magnitude was greater than 10-6 eV/nm.
Calculation of the dipole tensor Pij was performed using algorithms [26,1]:
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Pij = ∑ xik Fjk ,

(3)

k

r
where xik are the Cartesian coordinates of the radius-vector rk of the atom k belonging to the

area II; F jk are the projections of the forces acting on the atom k after relaxation of the defect
configuration in area I. Eq. (3) contains the summation over all the atoms of area II.
The relaxation volume of point defects was calculated with use of the relation [27]
V R = TrPij

( c11 + 2c12 ) .

(4)

The study of defect diffusion was carried out by MD using of the model crystallite with applied
periodic boundary conditions. The model crystallite was microcanonical ensemble (constant
number of atoms N, volume V and energy E). Lattice constant r2 was chosen so that module of
the pressure P was less than 0.1 eV/nm3. The Verlet algorithm [28] was used for the integration
of the equations of motions. The value of a time step was chosen so that the fastest atom
displacement per one iteration was less than ~0.007 r2. The crystallite consisted of (4394+1) and
(2000–1) atoms in case of SIA and vacancy diffusion, correspondingly. The determination of the
position of self-point defects was based on the analysis of number of atoms through all WignerSeitz cells. The crystallite centre was kept near the defect by reassignment of boundaries after
each defect jump in conformity with the technique proposed in [29]. Simulation time amounted
to ~ (2 – 600) ns depending on the temperature and defect type. At each considered temperature
the total number of defect jumps was 104 and 2·104 for vacancy and SIA, correspondingly.
The defect diffusion coefficient Dd was calculated in conformity with algorithm [29,30]:
Dd =

1
NS

NS

∑ Di =
i =1

1
NS

2
1 ni Ri , j
∑
∑ ,
i =1 ni j =1 6τ i
NS

(5)

where NS is the total number of series of trajectory decomposition to segments of an equal
duration τi, ni is the number of segments in the ith series, Ri, j is the magnitude of the defect
displacement vector of the jth segment in the ith series. The analysis of the convergence of
diffusivity and its statistical inaccuracy versus the number of segments revealed that the optimal
ranges for ni are ni ∈ [950,1050] for SIA and ni ∈ [1950, 2050] for vacancy.
Tracer diffusion constant per one defect D* was calculated using the Einstein equation for the
case of 3D diffusion:

D* =

where R 2 ( t ) =

1
N

N

r

r

∑ ⎡⎣ r ( t ) − r ( 0 )⎤⎦
i =1

i

i

2

2
1 R (t )
,
cd
6t

(6)

is the mean square displacement of the tracer atoms, N is
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r
the number of atoms in the model crystallite (all the atoms were assigned as tracers), ri (0) and
r
ri (t ) are initial and instantaneous positions of atom i, cd =1/N is defect concentration. Time t was
taken equal to the total simulation time.
Defect correlation factor fd was determined as the ratio of the diffusion constant Dd calculated by
Eq. (5) to the diffusion constant D RW calculated under the assumption of defect random walk
(RW) [31]:
D RW = ∑
i

ν i λi2
6

,

(7)

where ν i is the frequency of defect jumps with jump distance λi .
Tracer correlation factor ftr was determined as the ratio of the tracer diffusion constant D* to the
defect diffusion constant Dd.
4. SELF-POINT DEFECTS CHARACTERISTICS IN VANADIUM AND IRON
CRYSTALS
4.1. Vanadium

Table I lists the characteristics of various self-defects calculated by MS in V crystal. The
vacancy formation and migration energies agree with the results of ab initio calculations
(formation energy 2.60 eV [6] and 2.51 eV [7]; migration energy 0.33 eV [6] and 0.62 eV [7]).
The stable SIA configuration is <110> dumbbell with the migration energy 0.17 eV. The
formation energy of <111> dumbbell is higher than the one of <110> dumbbell by 0.15 eV. This
result does not match with the results ab initio calculations [6,7] (<111> dumbbell is the stable
SIA configuration). However it agrees well with the given above results of experimental data
analysis.
M

R

Table I. Calculated formation EF and migration E energies (eV), relaxation volume V (Ω)
(Ω – atomic volume) and dipole tensor Pij (eV) for self defects in V crystal
Defect configuration
<110> dumbbell
<110> dumbbell
saddle point
<111> dumbbell
Vacancy
Vacancy saddle point
Divacancy 2nd nn
The stable di-SIA

EF
3.13

3.30
3.28
2.50
2.98
4.72
5.55

EM
0.17

VR
P11
P22
P33
0.98 12.56 12.56 15.40

P13
0

P23
0

P12
4.14

1.07 14.62 15.32 14.62 2.96

0.80

2.96

0.01 1.17 16.19 16.19 16.19 3.96 3.96 3.96
0.48 -0.16 -2.22 -2.22 -2.22
0
0
0
-0.28 -3.91 -3.91 -3.91 -0.75 -0.75 -0.75
0.52 -0.23
0.08 2.14
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4.2. BCC Iron

Table II lists the characteristics of various self-defects calculated by MS in Fe crystal. The
vacancy formation and migration energies agree well with the experimental measurements
(formation energy (2.0 ± 0.2) eV [32]; migration energy (0.73 ± 0.03) eV [1]) and the results of
ab initio calculations (formation energy (1.93 – 2.02) eV [33], 2.07 eV [34]; migration energy
0.65 eV [33], 0.67 eV [34]).
M

Table II. Calculated formation EF and migration E energies (eV), relaxation volume
R
V (Ω) (Ω – atomic volume) and dipole tensor Pij (eV) for various defect configurations in
Fe crystal.
Defect configuration
<110> dumbbell
<110> dumbbell
saddle point
<111> dumbbell
Vacancy
Vacancy saddle point
Divacancy (2nd nn)
The stable di-SIA

EM
VR
P11
P22
P33
EF
4.384 0.246 1.480 18.04 18.04 20.39

P13
0

P23
0

P12
4.991

4.630

1.476 18.88 18.57 18.88 3.257 5.164 5.164

4.627
1.920
2.655
3.63
7.88

0.01 1.436 18.27 18.27 18.27 6.365 6.365 6.365
0.735 -0.140 -1.776 -1.776 -1.776 0
0
0
-0.112 -1.428 -1.428 -1.428 -1.684 -1.684 -1.684
0.70 -0.36
0.17 2.84

Temperature dependence of vacancy diffusion DRW, Dd and corresponding self diffusion D*
coefficients calculated by MD in temperature range 1000 K < T < 1800 K is presented at Fig. 1
(a). Obtained results are described well by Arrhenius equation: DRW(T) = 13.71·10-3e–(0.743 eV)/kT
cm2/s, Dd(T) = 8.49·10-3e–(0.733 eV)/kT cm2/s, D*(T) = 5.35·10-3e–(0.720 eV)/kT cm2/s, k is Boltzmann
constant. The analysis of vacancy trajectories has shown that additional diffusion mechanisms
are activated at high temperatures, at which the vacancy migrates to the 3rd and the 5th nearest
neighbors (nn) positions, besides the ordinary vacancy migration mechanisms to the 1st nn. These
two additional mechanisms are sketched out at Fig. 2. Temperature dependences of jump
frequencies corresponding to the three observed vacancy migration mechanisms are presented at
Fig. 1 (b). The approximation of these dependences by Arrhenius equation gives the following
values of the activation energies: 0.730 eV, 1.401 eV and 1.664 eV for the jumps to the 1st, 5th
and 3rd nn positions, correspondingly. These values agree with the corresponding barriers
calculated by MS: 0.735 eV, 1.406 eV, 1.743 eV. Temperature dependences of vacancy
correlation factor fd and corresponding tracer correlation factor ftr are presented at Fig. 3. ftr agree
with its theoretical value 0.72722 [31] within the limits of inaccuracy at the temperatures below
~ 1500 K. At higher temperatures some weak systematic decrease is observed. This is apparently
concerned with the activation of two mentioned above less energetically favorable migration
mechanisms.
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Figure 1. (a) Vacancy diffusion DRW, Dd and self-diffusion D* coefficients in bcc iron;
(b) frequencies of vacancy jumps to the 1st nn, the 3rd nn and the 5th nn positions.
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Figure 2. Vacancy migration mechanisms:
(a) to the 3rd nn position; (b) to the 5th nn position.
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Figure 3. Correlation factors for vacancy in iron: (a) fd;
(b) ftr (dashed line marks the theoretical value ftr = 0.72722 [31] for bcc lattice).

The stable SIA configuration is <110> dumbbell with static migration barrier 0.246 eV in
agreement with experimental data [35,36] and ab initio calculations [33,34]. Temperature
dependences of SIA diffusion coefficients DRW, DD and corresponding self diffusion coefficient
D* calculated by MD in temperature interval 250 K < T < 1800 K are presented at Fig. 4 (a).
Obtained temperature dependences sufficiently differ from Arrhenius type. Determined from
them effective migration energies are ~ (0.22 – 0.23) eV at T < 300 K. These values are close to
the calculated values of static energy barriers of <110> dumbbell migration and <110> to <111>
dumbbell reorientation processes (0.246 eV and 0.250 eV, respectively) and in agreement with
the experimentally measured value ~ 0.25 – 0.3 eV at annealing stage IE temperature of
irradiated specimens [35,36]. The effective migration energy decreases to the value ~ 0.10 eV
with the temperature.
The analysis of SIA spatial orientations during the process of diffusion has shown that an SIA
has complex migration mechanism at low temperatures. Initially the SIA stays in an <110>
dumbbell configuration. Then the SIA migrates to another <110> dumbbell configuration or the
SIA reorientation to an <111> dumbbell configuration takes place followed by several (~ 10) fast
jumps by crowdion mechanism, after which the SIA returns to an <110> dumbbell configuration.
The SIA spends the greatest part of its time at low temperatures in an <110> dumbbell
configuration. It follows from these results that, despite the contribution of crowdion mechanism
to diffusion, the SIA effective migration energy at low temperatures is determined by the
energetic barrier of reorientation from <110> to <111> dumbbell configuration.
The tracer correlation factor ftr is sensitive to the SIA migration mechanism. For pure 1D
diffusion ftr = 0. In case of <110> dumbbell migration mechanism, ftr = 0.42 [37]. The value of ftr
calculated by MD (Fig. 4 (b)) is constant within the limits of inaccuracy through the whole
temperature range. Its average equals to 0.27, which is evidence of the complex diffusion
mechanism not changing with the temperature.
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Figure 4. (a) SIA diffusion DRW, Dd and self-diffusion D* coefficients in bcc iron;
(b) SIA fd and tracer ftr correlation factors (solid lines show the values averaged through
the whole temperature range).
5. CONCLUSIONS

1. Calculated vacancy formation energy (2.50 eV) and migration energy (0.48 eV) in vanadium
agree well with experimental data and ab initio calculations [6,7].
2. The results of computer simulation have shown that the stable SIA configuration in vanadium
is <110> dumbbell with the migration energy 0.17 eV. These results are in agreement with the
activation energy estimated from annealing stage IE temperature in vanadium (~ 80 K) [9-11] and
with the results of measurements [12]. On this basis the conclusion is made that migration of
stable <110> dumbbell takes place at IE stage. Metastable <111> dumbbell migrates at low
temperature (T < 20 K) with the activation energy 0.01 eV in agreement with experimental
observations [38]. These results do not agree qualitatively with the results of ab initio
calculations [6,7].
3. Calculated vacancy formation (1.92 eV) and migration (0.735 eV) energy in bcc iron agree
well with experimental data [1,32] and ab initio calculations [/33,34]. Vacancy activation energy
calculated by molecular dynamics (MD) practically coincides with one calculated by molecular
statics (MS).
4. Calculations have shown that the stable SIA configuration in iron is <110> dumbbell. This is
confirmed by experimental observations [35,36] and ab initio calculations [33,34]. MD study of
SIA diffusion has shown that SIA migration mechanism is complex and is characterized by
superposition of 1D and 3D migration mechanisms. SIA effective migration energy increases
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from 0.10 eV to 0.23 eV when the temperature goes down from the melting temperature to 250
K. Indicated tendency shows that SIA migration energy should come to 0.25 eV at the annealing
stage IE temperature (~125 K). This value agrees with the value of the energetic barrier obtained
by MS (0.25 eV) and with the experimental measurements [35,36].
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APPENDIX A

Table A.I. Coefficients ak (eV/Åk) of constituent polynomials

5

∑a r
k =0

Range, Å

a0

[1.1, 1.68265]
[1.68265, 2.2653]
[2.2653, 2.4]
[2.4, r1]
[r1, r2]
[r2, 3.0702]
[3.0702, 3.12]
[3.12, 3.2]
[3.2, 4.074]

3939.000592
2309.324943
-9645.768516
978.549717
18.995072
756.649294
542.664755
284177.464822
938.852807

a1
-11646.178368
-5247.184510
20936.258309
-1695.718889
-129.576761
-1033.921783
-674.061616
-449900.422334
-1250.073989

k

k

of ϕ (r) for V.

a2

a3

a4

14279.880970
4824.080686
-18112.789376
1162.175689
169.652405
558.720049
316.889539
284874.436084
661.707699

-8951.709303
-2232.695804
7813.110123
-391.035348
-89.945914
-149.312427
-68.132145
-90180.144083
-174.210004

2841.797566
518.545945
-1681.228810
63.991085
21.414908
19.746212
6.132516
14272.107201
22.827429

a5
-363.219173
-48.246223
144.419295
-4.017606
-1.907382
-1.035644
-0.123214
-903.387433
-1.191662

Table A.II. Parameters of function (2).
a, eV/Ån -0.250566 b, eV/Åm

0.282631

n

m

3

Table A.III. Coefficients bk (eV2/Åk) of constituent polynomials

5

∑b r
k =0

Range, Å
[r2, 3.7]
[3.7, 4.074]

b0
81.320229
-636.646443

b1
-67.596452
861.846541

b2
17.745451
-462.611713

b3
-0.616599
123.251701
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4

k

k

of ρ (r) for V.
b4

-0.383204
-16.317034

b5
0.041705
0.859472
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