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Abstract A comparison between the dipole and cluster approaches for the study of the
core structure and Peierls potential of 1/2 〈111〉 screw dislocations in bcc metals is presented.
It is based on first principles electronic structure calculations in alpha iron carried out within
the DFT framework using localized basis functions as implemented in the SIESTA code.
The effect of the energetic model is first investigated on the {211} and {110} generalized
stacking fault energy (γ ) surfaces which are known to be closely related to the dislocation
core properties. All DFT results yield similar shapes—characteristic of a non-degenerate
core structure—and the effect of the exchange-correlation functional is shown to be larger
than the discrepancies between SIESTA and planewave-pseudopotential results. The core
structure is found to be non-degenerate, with an excellent agreement between the various
approaches on the deviation from the linear elasticity theory of the atomic positions. In the
dipole approach, the interaction between dislocations is dominated by elastic effects, but
significant anisotropic core–core interactions are evidenced, which strongly affect the ener-
getics of the system when a triangular array of dipoles is used. For the calculation of the
Peierls potential a very good agreement is obtained between the cluster approach and the
dipole approach, provided that a quadrupolar-like arrangement is used. Similar calculations
are performed with the EAM potential proposed by Mendelev et al. [Philos. Mag. 83, 3977
(2003)] for iron; the comparison between the two sets of results is briefly discussed.
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1 Introduction

The anisotropy of plasticity in body-centered cubic (bcc) metals is directly related to the
geometry of the core of screw dislocations, which was shown to be connected with the shape
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of the generalized stacking fault energy (γ ) surface. Calculations in bcc transition metals
using Finnis-Sinclair type interatomic potentials have predicted a core structure spreading
into three {110} planes and falling into two classes: degenerate and non-degenerate core
structures [1–4]. The comparison with the {110} and {211} γ -surfaces have lead Duesbery
and Vitek to propose the following criterion for obtaining a core spreading asymmetrically
along the 〈211〉 directions (i.e. degenerate core):

γ{110} (b/3) < 2γ{110} (b/6) , (1)

where γ{110}(b/3) and γ{110}(b/6) are the energy of the b/3 and b/6 faults respectively, for
the 〈111〉 cross section of the {110} γ -surface [2]. According to the γ -surfaces obtained
within density functional theory (DFT) calculations in V, Nb, Ta, Cr, Mo, W and Fe, this
criterion suggests that all bcc transition metals have a non-degenerate core. Direct calcula-
tions of the cores have been performed within DFT in Mo, Ta and Fe [5–8]. In the three
cases, the core is indeed found to be non-degenerate. Two types of cores can be obtained
by centering a 1/2 〈111〉 screw dislocation on a triangle of 〈111〉 columns of, depending on
the sign of the Burgers vector; a hard core, when the core is made by a triangle of atoms
lying in the same {111} plane; and an easy core in the other case. The hard core can be
either unstable (Mo) or metastable (Ta) [7]. Two types of cell geometries have been used:
the so-called cluster approach, with an isolated dislocation in a “cylinder”, and the dipole
approach with periodic boundary conditions in the three directions of the supercell making
an array of interacting dislocations [9]. Flexible boundary conditions have been developed
by Woodward et al. in the cluster approach to study the effect of an external stress; they have
been applied to determine the Peierls stress in Mo and Ta [8]. The aim of the present paper is
to calculate the core structure and the Peierls potential of the 1/2 〈111〉 screw dislocation in
bcc iron using localized basis sets, with an emphasis on the comparison between the cluster
and the dipole approaches. Improved empirical potentials have been proposed recently for
iron [10,11]; their validation on dislocation properties remains to be done. The empirical
potential proposed by Mendelev et al. has been selected to be benchmarked on the present
ab initio results.

2 Methodology

The present first principles electronic structure calculations have been performed within the
DFT framework using localized basis sets as implemented in the SIESTA code [12]. The
pseudopotential and basis set for Fe – made of only 10 localized functions – have been val-
idated by defect calculations [13]. The charge density is represented on a regular real space
grid with a grid spacing of 0.06 Å instead of 0.08 Å as in previous studies, because of the
higher accuracy required in the present calculations. The grid sampling is also improved by
doubling the number of grid points after self-consistency. The Hermite Gauss scheme for
electronic density of state broadening is used with a smearing of 0.3 eV. This approach has
been validated here on γ -surfaces by performing a comparison with reference plane-wave
results obtained using the PWSCF code. We have also investigated the effect of the exchange-
correlation functional (LDA versus GGA). For the core structure, only the results obtained
within GGA – which is known to perform better for the bulk properties in Fe – are presented.
The empirical potential calculations are performed using the NDM code, with the second
potential proposed by Mendelev et al. for iron in Ref. [10]

The γ -surfaces are obtained by cutting a perfect crystal with two free surfaces and dis-
placing the two parts relative to each other in a direction parallel to the cut plane. For each
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(a) (b) 

Fig. 1 Schematic representation of the two types of periodic arrays of screw dislocation dipoles investigated
in the present study: (a) the triangular and (b) the quadrupolar arrangements

Fig. 2 Schematic representation of the unit cells and cell vectors used for the simulation of dislocation cores:
(a) the cluster approach (75 atoms) and the dipole approach, using a triangular periodic array of disloca-
tion dipoles (100 atoms) (b) and a square periodic array of dislocation quadrupoles (135 atoms) (c). The
dislocations are visualized by their differential displacement maps

displacement vector the atomic positions are relaxed only in the direction perpendicular to the
cut plane. As we vary the fault vector, the excess energy generates a surface, which represents
the energies of “generalized” stacking faults. The {110} and {211} γ -surface calculations
have been carried out using ten- and twelve-layer slabs, respectively, and 12 × 8 × 1 and
12 × 12 × 1 shifted k-point grids, respectively.

The effect of the size of the supercell has been investigated using cells containing from
75 to 363 atoms in the cluster approach, and from 49 to 361 atoms in the dipole approach.
The k-point grids used for the dislocation core calculations are 3 × 3 × 16 and 2 × 2 × 16
respectively up to 64 and 196 atoms in the dipole approach and 1×1×16 in the other cases.
For the calculations within the cluster approach the positions of the outer atoms are fixed to
the elasticity theory solution.

In the dipole approach [14,15], we have compared two arrangements. The first one cor-
responds to a triangular periodic array of dislocation dipoles in which the dislocations are
positioned on a honeycomb network that preserves the three-fold symmetry of the bcc lattice
in the 〈111〉 direction [5] (Fig. 1a and Fig. 2b). The second arrangement is equivalent to
a square-like perdiodic array of quadrupoles [14] (Fig. 1b and Fig. 2c). Let us define the

supercell vectors,
{ �C1, �C2, �C3

}
, from the unit vectors �u = 1

3

[
12̄1

]
, �v = 1

3

[
21̄1̄

]
, and
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Table 1 Components of the cell vectors along the Burgers-vector direction in units of b, Cz
1 and Cz

2, within
the triangular and square arrangements of the dipole approach, for the bulk configuration, and for both easy
and hard core structures. In the triangular case Cz

2 = −Cz
1

Triangular arrangement Square arrangement

Cz
1 Cz

1 Cz
2

Bulk 3n − 1 +1/3 +1/3 −1/3
3n 0 0 0
3n + 1 −1/3 −1/3 +1/3

Easy core 3n − 1 −1/3 +1/3 +1/6
3n 0 +1/2
3n + 1 +1/3 −1/3 −1/6

Hard core 3n − 1 0 +1/3 +1/6
3n 0 −1/2
3n + 1 0 −1/3 −1/6

�z = �b = 1
3 [111], where �b represents the Burgers vector, as: �C1 = nu

1 �u + nv
1 �v + Cz

1�z,
�C2 = nu

2 �u + nv
2 �v + Cz

2�z, and �C3 = �z (see Fig. 2). Within the triangular arrangement, we
have set nu

1 = nv
2 = 3n − 1, 3n or 3n + 1, where n is an integer, and nv

1 = nu
2 = 0. Within

the quadrupolar arrangement, nu
1 needs to be odd in order to have two dislocation cores of

the same type, i.e. both being either easy or hard. In order to have a quadrupole as close

as possible to a square, one takes: 2nu
2 + nv

2 = nu
1 and nv

2 ≈ nu
1√
3

. Following Cai [15], we

have also optimized the cell geometry by adding tilt components to �C1 and �C2 along the
Burgers-vector direction in order to accommodate the plastic strain introduced by the dis-
location dipole. The tilt components deduced from elasticity calculations for the triangular
and quadrupolar arrangements are summarized in Table 1. The result for the quadrupolar
case is in agreement with Ref. [14]. The present atomistic calculations – DFT and empirical
potential calculations–confirm that these tilt components indeed yield vanishing shear stress
components.

3 Results and discussion

The results obtained for the {110} and {211} γ -lines along the 〈111〉 direction are summa-
rized in Fig. 3. The effect of the exchange correlation functional is significant, with a 25%
increase from GGA to LDA (Fig. 3a). The discrepancy between SIESTA and plane-wave
results is rather small in comparison (Fig. 3b); this validates the use of SIESTA for this
type of calculations. These {110} γ -lines are in very good agreement with Ref. [5] but in
disagreement with Ref. [16], and suggest a non-degenerate core structure according to the
Duesbery-Vitek criterion. For comparison, we have also plotted the results obtained using
the Mendelev potential [10]. A good agreement is obtained with the lower bound of DFT
results (Fig. 3c). The complete DFT-GGA γ -surfaces obtained with the SIESTA code and
with the Mendelev potential are represented in Fig. 4.

The DFT-GGA core structures of the 1/2 〈111〉 screw dislocation in bcc Fe obtained within
the cluster and the dipole approaches are in excellent quantitative agreement with each other.
In both cases the degenerate core is found to decay to the non-degenerate structure. The hard
core is metastable with an energy less than 50 meV/b above that of the easy core in the cluster
approach. The DD maps for the relaxed easy core show no sign of broken symmetry about
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Fig. 3 The {110} γ -lines along the 〈111〉 direction for Fe obtained using SIESTA and PWSCF. The x axis is
given in units of the Burgers vector 1/2 〈111〉. (a) Comparison between PWSCF and SIESTA for the effect
of exchange-correlation functional (LDA or GGA) after relaxation. (b) Comparison between PWSCF and
SIESTA for the relaxation amplitude within GGA. (c) Comparison between SIESTA-GGA and the Mendelev
potential

the 〈110〉 axes or splitting along the 〈211〉 directions (Fig. 5a), so that the easy core structure
exhibits a non-degenerate core configuration in agreement with previous calculations [5,6]
and as expected from the γ -line calculations according to the Duesbery-Vitek criterion. The
relaxed core structure is very close to elasticity theory with very small edge components – i.e.
displacements within the {111} plane – namely less than 0.1 Å, in very good agreement with
Ref. [5] (Fig. 5b and c). The discrepancy on the edge components between the cluster and
the dipole approaches is typically one order of magnitude smaller than the edge component
itself.

The magnetic moment on the three central atoms is found to be reduced by 0.2 µB com-
pared to the bulk value (2.3 µB) both for the easy and the hard cores. The Mendelev potential
exhibits a non-degenerate core structure–as expected from the Duesbery-Vitek criterion– in
relatively good qualitative agreement with DFT results, but with significant discrepancies
on the deviation from elasticity theory, both for the screw and edge components of the core
(Ventelon and Willaime to be published.).

We have investigated the cell-size dependence of the energetics in the dipole approach, for
the 3n − 1 and 3n + 1 geometries in the triangular arrangement. In the SIESTA case both the
easy and hard core configurations have been investigated while with the Mendelev potential
the hard core could not be studied because it is highly unstable. The increase of the excess
energy with cell size is essentially given by the elastic energy (Fig. 6a). We have calculated
the deviation from the anisotropic elastic energy, as obtained from a Madelung summation
based only on the values of the elastic constants as inputs [9] (http://micro.stanford.edu/
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Fig. 4 Relaxed {110} and {211} γ -surfaces in Fe: (a) and (b) SIESTA DFT-GGA ; (c) and (d) Mendelev
potential. The x and y axes are given in units of the Burgers vector 1/2 〈111〉

Fig. 5 (a) Differential displacement map of the relaxed structure of the easy core obtained in Fe within
DFT-GGA using the cluster approach with 243 atoms. (b) Displacement field after subtraction of the elastic
field and magnification by a factor of 10. (c) Displacement field in the {111} plane – or edge component –
magnified by a factor of 50

~caiwei/Forum/2004-08-08-MadSum). Its variation with cell size is remarkably constant
with the Mendelev potential, starting from very small cell sizes, namely 64 atoms/b. On
the other hand the ab initio results display a significant cell-size dependence (Fig. 6b); we
have analyzed its origin in detail. In particular we found that the deviation from elasticity
depends strongly on the 3n − 1versus 3n + 1 geometry, as shown in Fig.6b. The difference
with the elastic energy converges to the same value in both cases at large sizes, but it is
slightly larger in the 3n + 1 geometry at small sizes. This effect can be attributed to long
range anisotropic core-core interactions. The relative orientations of neighboring disloca-
tions are indeed different in the two cases: the triangles of atomic columns on which two
neighboring dislocations are centered have either a side (3n + 1) or an edge (3n − 1) facing
each other (Fig. 7). Very different core-core interactions may therefore be expected when
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Fig. 6 Cell-size dependence of the excess energy in the dipole approach with the triangular geometry. (a)
Atomistic energy and difference with anisotropic elasticity in the 3n − 1 geometry, for both easy and hard
core configurations. (b) SIESTA results after subtraction of the elastic energy, for the easy core configuration,
in the 3n − 1 and 3n + 1geometries

the dislocation core has some long-range anisotropic deviations from the elasticity solution,
as illustrated in Fig. 7 on the edge component. This effect may have opposite signs between
e.g. easy and hard cores. As a consequence in the SIESTA calculations and for the medium
cell-sizes investigated here, the energy difference between hard and easy cores which is up
to 100 meV/b per dislocation in the 3n − 1 geometry changes sign in the 3n + 1, meaning
that the hard core is paradoxically energetically more stable in this case. This effect shows
the limitations for energetic calculations of small cells in the triangular-dipole approach.

We have also gained some insight into the mobility of the dislocation by calculating the
Peierls barrier. The energy landscape along a reaction coordinate when going from the easy
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Fig. 7 Edge component of the easy core structure magnified by a factor of 50 obtained within the triangular
arrangement using: (a) the 3n − 1 geometry (n = 5, 196 atoms) and (b) the 3n + 1 geometry (n = 4, 169
atoms). DFT-GGA results obtained with the SIESTA code

Fig. 8 Peierls barrier calculated within DFT-GGA and the Mendelev potential: comparison between the clus-
ter approach (161 atoms) and the square arrangement of quadrupoles (209 atoms) for the two energetic models

core to the hard core configurations has already been computed using DFT in Ta and Mo [7].
A similar approach is used here but from the easy core to the next easy core configuration
along the 〈211〉 direction. We have successfully performed these calculations using the drag
method, both in the cluster and the dipole approaches (Fig. 8). In the dipole approach, we
found that this approach works only with the square arrangement. The failure in the triangu-
lar case may be attributed to the energetic issues discussed above. Concerning the cell-size
dependence we have shown within the cluster approach using the Mendelev potential that an
excellent agreement is obtained between a cell containing 161 atoms/b and an infinitely large
cell for the energy increase at the halfway position. We have obtained a similar agreement
within the dipole approach between a 209 atom cell and an infinitely large cell. An excellent
agreement is obtained between the dipole and cluster approaches, both within DFT and with
the Mendelev potential (Fig. 8). DFT results yield a single hump barrier, with a height of
about 30 meV/b while the barrier displayed by the Mendelev potential is quite different,
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with a camel hump shape. The core structures at the halfway position also differ: it exhibits
a nearly hard core structure within DFT and it spreads between two easy core positions with
the Mendelev potential. These results suggest that the Mendelev potential may not be very
appropriate for quantitative studies on the dislocation mobility in iron.

4 Conclusion

The {111} γ lines calculated here within DFT in iron exhibit a shape characteristic of a non-
degenerate core structure; the effect of the exchange-correlation functional is shown to be
larger than the discrepancies between SIESTA and planewave-pseudopotential results. The
full {211} and {110} generalized stacking fault energy (γ ) surfaces have been calculated
both within DFT-GGA and with the Mendelev potential.

We have presented some details of the set up of dislocation core calculations for 1/2〈111〉
screw dislocations in bcc metals using the dipole approach, for two types of periodic arrays
of dislocations, triangular or square-like, with an emphasis on the tilt components needed
for the cell vectors in order to accommodate the plastic strain introduced by the dislocation
dipole. The DFT and empirical potential calculations presented here show that the cluster and
dipole approaches yield very similar results concerning the structure and Peierls potentials of
1/2〈111〉 screw dislocations in bcc iron. An excellent agreement between the two approaches
is obtained for the deviation from elasticity for both the screw and edge components of the
core structure. This is also the case for the Peierls potential, provided that a quadrupolar-like
arrangement is used in the dipole approach. The cell-size dependence of the excess energy has
been investigated in the triangular-dipole case. Long-range anisotropic core-core interactions
have been evidenced in DFT calculations.

The Mendelev potential, which is one of the unique available potential for iron which gives
the correct non-degenerate core structure, is shown here to present some serious limitations
for the dislocation properties: quantitative discrepancies with DFT results are obtained for
the deviation from elasticity of the core structure and qualitative ones are observed for the
Peierls potential.
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