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We present an investigation of systematic trends for the self-interstitial atom 共SIA兲 defect behavior in
body-centered cubic 共bcc兲 transition metals using density-functional calculations. In all the nonmagnetic bcc
metals the most stable SIA defect configuration has the 具111典 symmetry. Metals in group 5B of the periodic
table 共V, Nb, Ta兲 have significantly different energies of formation of the 具111典 and 具110典 SIA configurations,
while for the group 6B metals 共Cr, Mo, W兲 the two configurations are linked by a soft bending mode. The
relative energies of SIA defects in the nonmagnetic bcc metals are fundamentally different from those in
ferromagnetic bcc ␣-Fe. The systematic trend exhibited by the SIA defect structures in groups 5B and 6B
transition metals correlates with the observed thermally activated mobility of SIA defects.
DOI: 10.1103/PhysRevB.73.020101

PACS number共s兲: 61.80.Az, 66.30.Lw, 67.80.Mg, 71.15.Mb

Just as viruses at the time of their discovery more than a
century ago1 could not be visualized using the available optical instruments, so are individual point defects produced by
irradiation in metals still inaccessible to direct imaging by
modern electron microscopes.2 Body-centered cubic 共bcc兲
transition metals 共TMs兲 and their alloys, including ferriticmartensitic steels, are prime candidate structural materials
for fusion and advanced nuclear applications. Thus there is a
well recognized need to have a quantitative understanding of
the structure and formation energies of radiation defects in
these materials3 to enable the development of predictive
models of their microstructural evolution. A self-interstitial
atom 共SIA兲 defect is remarkably different from a vacancy
because of the very large local strain field associated with the
core of the defect. In the case of bcc TMs, the degree of
linear compression in the core of a SIA defect approaches
20% 共Ref. 4兲 and is well outside the range of approximations
based on elasticity, thus other techniques are required to understand them.
The available experimental information on defects in bcc
transition metals5 shows pronounced group-specific trends
linked to the electron-to-atom ratio. In addition to the
“anomalous self-diffusion” in the high-temperature bcc
phases of group 4B 共Ti, Zr, and Hf兲 metals,6 the mobility of
vacancies in groups 5B and 6B elements,7 and of the 具111典
screw dislocations,8 is correlated with the elastic properties.
While the formation and thermal migration energies of vacancies can be readily estimated from experiment, the large
formation energies of SIA defects make them less accessible
to a direct observation. The only systematic data on thermally activated migration of SIAs come from the analysis of
resistivity recovery curves of materials irradiated by electrons. In the case of group 5B metals the resistivity recovery
curves show that individual SIAs are already mobile at temperatures below 6 K for V, Nb, and Ta 共Ref. 5兲. In other bcc
TMs thermally activated migration of SIA defects starts at 40
K in Cr 共Ref. 9兲, 35 K in Mo 共Ref. 10兲, 27 K in W 共Ref. 11兲,
and 120 K in ␣-Fe 共Ref. 12兲. So far it has proved difficult to
formulate a consistent and systematic model explaining these
trends.
Density-functional calculations 共DFT兲 of vacancies in bcc
transition metals have been reported.13,14 For interstitial con1098-0121/2006/73共2兲/020101共4兲/$23.00

figurations it was initially assumed that empirical many-body
interatomic potentials15 correctly predicted the 具110典 dumbbell as the most stable SIA configuration in all the bcc TMs
except tungsten. This view is in agreement with the orthorhombic long-range distortions observed using x-ray Huang
diffuse scattering in Mo and ␣-Fe at low temperatures.16
While recent DFT calculations17,18 and a tight-binding Stoner
model19 confirmed the 具110典 dumbbell as the most stable
SIA configuration in ␣-Fe, Han et al.20 found that in V and
Mo the 具111典 configuration had the lowest formation energy.
Woo and Frank21 also emphasized the significance of the
具111典 configuration. This did not agree with the established
views that “the 具110典 dumbbell has been widely accepted as
the SIA configuration in Mo and other bcc metals.”10 Hence,
despite a great body of existing work, there is still uncertainty in our understanding of the structure and basic properties of SIA defects in nonmagnetic bcc metals. In this paper
we address the issue by means of a systematic ab initio investigation. By following the periodic table, we discover systematic trends in the relative energies of formation of various
configurations of SIA defects. These trends help in identifying the origin of the different mechanisms of thermally activated migration of SIAs in metals of groups 5B and 6B.
Unless stated otherwise, all the calculations described in
this Communication were carried out using the package of
linear combination of atomic type orbitals 共PLATO兲.22 Both
volume and ionic relaxations were performed using a variable metric algorithm on 4 ⫻ 4 ⫻ 4 cells containing 128共±1兲
atoms. A 3 ⫻ 3 ⫻ 3 Monkhorst-Pack k-point grid was found
to be sufficient for obtaining accurate values of defect formations energies. The calculations were performed using
relativistic semicore separable pseudopotentials23 with the
Perdew–Burke–Ernzerhof 共PBE兲24 generalized gradient approximation 共GGA兲 for the exchange and correlation functional. Valence and semicore electrons were described by a
double numerical plus polarization 共DNP兲 basis set that consists of 18 atomiclike functions per atom. For the nd 共n = 3, 4,
5兲 transition-metal series we keep the ns, np, nd, 共n + 1兲s
orbitals for the neutral atom plus nd*, 共n + 1兲s*, 共n + 1兲p* orbitals for the ions of charge +2. The orbitals were cut off at
a radius of 8.0 atomic units 共a.u.兲, and their tails were
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TABLE I. The first four rows are basic parameters of bcc transition metals evaluated using PLATO, with the experimental values
taken from Refs. 26 and 5 in italics. The remaining rows are the
formation energies 共in eV兲 of SIA defects in groups 5B and 6B. The
values given in italics are from Ref. 20 and those given in typescript
font are from Ref. 15.
V

Nb

Ta

Cr

Mo

W

a 共Å兲

3.04
3.32
3.31
2.85
3.17
3.18
3.03
3.30
3.30
2.88
3.15
3.16
B 共Mbar兲
1.71
1.73
1.99
1.92
2.68
3.05
1.62
1.70
2.00
1.90
2.72
3.23
Hv 共eV兲
2.51
2.99
3.14
2.64
2.96
3.56
2.1–2.2 2.6–3.1 2.8–3.1 2.0–2.4 2.6–3.2 3.5–4.1
v
共eV兲
0.62
0.91
1.48
0.91
1.28
1.78
Hm
0.5-1.2 0.6-1.0 0.7-1.9 0.95 1.3-1.6 1.7–2.0
具111典
3.367
5.253
5.832
5.685
7.417
9.548
Dumbbell
3.14
4.795
7.157
7.34
8.919
具111典
3.371
5.254
5.836
5.660
7.419
9.551
Crowdion
3.15
4.857
7.158
7.34
8.893
具110典
3.652
5.597
6.382
5.674
7.581
9.844
3.48
4.482
6.847
7.51
9.641
Tetrahedral 3.835
5.758
6.771
6.189
8.401
11.05
3.69
8.20
具100典
3.918
5.949
7.003
6.643
9.004
11.49
3.57
4.821
8.068
8.77
9.815
Octahedral 3.964
6.060
7.095
6.723
9.067
11.68
3.62
8.86

smoothed over a distance of about 1.5 a.u. The electron
charge density was projected onto a uniform fast Fourier
transform 共FFT兲 mesh of spacing 0.2 a.u. The electrons were
given an effective temperature of 0.2 eV. The forces and
stress components in relaxed configurations were smaller
than 0.025 eV/ Å and 0.001 Mbars, respectively. To verify
the accuracy of PLATO, we cross-checked the calculations
with the Vienna ab initio simulation package 共VASP兲 code,25
where we used the projector augmented wave 共PAW兲 approach with plane-wave cutoff energies in the range of 300–
400 eV and the GGA-PBE exchange-correlation functional.
There is always good agreement between PLATO and VASP
data on defect formation energies and trends of the different
SIA configurations. Results of benchmarking calculations for
bulk properties of bcc TMs of groups 5B and 6B are summarized in Table I and compared with experimental data. In
the case of Cr we assumed the nonmagnetic state the energy
of which was very close to the energy of the antiferromagnetic 共AFM兲 state.27 The vacancy migration energies were
found using the nudged elastic band method.28 The values
predicted by the PLATO code agree well with experimental
data not only for the lattice constants and bulk moduli, but
also for the monovacancy formation and migration energies.5
Table I provides a systematic set of calculated values of vacancy migration energies. Comparing these data with earlier
DFT calculations,13,14 we find that our calculations show better overall agreement with the experiment.

Figure 1 shows the atomic structure and charge-density
deformation maps for two relaxed SIA configurations: 具111典
dumbbell and 具110典 dumbbell. The darker color highlights
atoms situated in the highly deformed core regions of the
defect. The energy of the relaxed 具111典 dumbbell configuration, where two atoms share a lattice site, is very similar to
those of the crowdion configuration, where four atoms share
three lattice sites. In both configurations the deformation is
largely confined to a single string of atoms running in the
关111兴 direction. The 具110典 dumbbell configuration is closely
related to the 具111典 configuration since the pattern of deformation associated with the 具110典 dumbbell is effectively
formed by two superimposed 具111典-type SIA configurations.
For each configuration we show the charge-density deformation maps that illustrate the link between the atomistic and
electronic structure of a defect, and highlight the significance
of directional bonding between atoms in the core of the defect.
Table I includes the calculated formation energies of SIA
defects in all the TMs of groups 5B and 6B. The total systematic error in the calculations is of the order of 0.015 eV.
We find that the 具111典-type configurations have the lowest
formation energies in all the nonmagnetic bcc metals with
the 具110典 configuration being separated by an energy gap that
is smaller in group 6B than in group 5B. The pattern of
ordering of SIA configurations is fundamentally different
from that of ferromagnetic bcc Fe, where the 具110典 configuration has the lowest formation energy.18 Our findings are at
variance with defect formation energies predicted using the
empirical many-body interatomic potentials15 for which the
具110典 dumbbell is the lowest energy SIA configuration. A
notable exception to the rule is the Ackland and Thetford15
prediction of the stable 具111典 SIA configuration in W. However, the predicted 具111典-具110典 energy gap of 0.75 eV 共Ref.
15兲 is three times that found in DFT calculations. For nonmagnetic Cr the difference between the crowdion and 具110典
configurations is exceedingly small. We find that the relative
energies of SIA configurations follow the same pattern in all
nonmagnetic bcc metals, namely that the 具111典 dumbbell or
crowdion configuration is followed by the 具110典 dumbbell,
and then by the tetrahedral, the 具100典, and the octahedral
configurations. Table I provides, therefore, a complete and
self-consistent DFT database of defect energies required for
constructing more accuarate interatomic potentials for modeling defects and dislocations in bcc TMs.
The group-specific trends in the SIA formation energies
found in the present calculations are illustrated in Fig. 2
separately for metals of groups 5B and 6B and compared to
those of ferromagnetic bcc Fe 共Ref. 18兲. Figure 2 shows a
striking dissimilarity in the pattern of ordering of energies of
SIA defect configurations between the nonmagnetic bcc TMs
and bcc Fe. The significance of the magnetic contribution to
the energy of formation of SIA defects in ferromagnetic bcc
Fe is also evident from recent DFT studies,17,18 where the
most stable and relatively immobile 具110典 dumbbell owes its
stability to magnetism lowering its energy by ⬃0.7 eV in
comparison with the 具111典 configuration. The most notable
trend is exhibited by the calculated formation energy differ-
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FIG. 1. 共Color兲 Relaxed SIA configurations and the corresponding electronic charge-density 共multiplied by cell volume兲 deformation maps on the 共110兲 plane calculated 共using VASP兲 by subtracting
the final charge distributions from atomic charge densities for two
SIA configurations: 共a兲 具111典 dumbbell and 共b兲 具110典 dumbbell, in a
representative case of bcc Mo.

ence between the 具110典 and the 具111典 configurations of metals in group 5B that is consistently larger than those of corresponding elements in group 6B 共0.29 eV for V in
comparison with 0.01 eV for Cr, 0.34 eV for Nb with 0.16
eV for Mo, and 0.55 eV for Ta with 0.29 eV for W兲. Apart
from the apparent differences between energies of the 具110典
and 具111典 configurations, all other SIA configurations in Fe
follow the same relative pattern as SIA configurations in
groups 5B and 6B.
The large energy differences between the 具110典 and 具111典
dumbbells make Ta and W good representative cases of
groups 5B and 6B metals for investigating the migration
pathways linking the 具111典, 具110典, and 具100典 defect configurations. The results obtained using the nudged elastic band
method are shown in Fig. 3. While the transformation pathways linking the 具111典 and the 具100典 configurations 共left
panel兲 in the two metals exhibit a similar behavior, it is striking to see a qualitative difference between Ta and W in the

FIG. 3. 共Color兲 Energy pathways between the 具111典 and 具100典
dumbbells 共left兲 and between the 具111典 and 具110典 dumbbells 共right兲
for bcc Ta and bcc W.

shape describing the 具111典 to 具110典 transition 共right panel兲.
While in W the 具111典 defect is characterized by the presence
of a fairly soft deformation mode transforming it into a 具110典
dumbbell, in Ta the 具111典 defect is rigid and stable with
respect to the 具111典 to 具110典 transition. We note that “bent”
SIA configurations were investigated by Han et al.20 and,
earlier, by Ackland and Thetford15 in the case of bcc Mo. The
important difference between a bent configuration found using the empirical many-body potentials15 and the soft bending mode found in DFT calculations is that the 具111典 configuration still has the lowest formation energy. Since the
three bending modes 共corresponding to each of the three 110
planes intersecting along the diagonal of bcc lattice兲 are easily excited even at low temperatures, they give rise to the
high relative statistical weight of planar 具110典-like configurations observed in x-ray diffuse scattering experiments.16
The presence of soft bending modes should be expected to
have a significant effect on the mobility of defects. Due to
the smaller difference between the energies of the 具111典 and
具110典 configurations the existence of these modes should
have a more pronounced effect on the mobility of defects in

FIG. 2. 共Color兲 Formation energies of several
basic SIA configurations calculated for bcc TMs
of group 5B 共left兲 and group 6B 共right兲. Data for
bcc Fe is taken from Ref. 18.
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FIG. 4. Fields of atomic displacements in the central string of
the crowdion configuration evaluated for bcc metals. The solid line
shows the soliton solution of the sine-Gordon equation 共Ref. 4兲 zn
= 共2a / 兲arctan兵exp关−共n − n0兲 / N兴其 plotted for the effective dimensionless width N = 1.5 and the position of the center of the crowdion
n0 = 5.5; a = 共冑3 / 2兲a0, where a0 is lattice constant.

Cr than in W. This observation agrees with the trend exhibited by the stage 1 temperatures in group 6B metals that
increase from 27 K in W to 40 K in Cr 共Ref. 7兲. Hence we
should expect that while in group 5B metals the 具111典 SIA
configurations perform one-dimensional 共1D兲 Brownian motion in the direction of their axis, the mobility of defects in
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