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Dislocation core properties of aluminum: a first-principles study
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Abstract

We have employed the semidiscrete variational generalized Peierls–Nabarro model to study dislocation core properties of aluminum.
The generalized stacking fault (GSF) energy surface entering the model is calculated by using first-principles density functional theory
(DFT). Various core properties, including the core width, energetics and Peierls stress for different dislocations have been investigated.
The correlation between the core energetics and the Peierls stress with the dislocation character has been explored. Our results reveal a
simple relationship between the Peierls stress and the ratio between the core width and the atomic spacing. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

There has been a great deal of interest in describing ac-
curately the dislocation core structure on an atomic scale
because of its important role played in many phenomena of
crystal plasticity [1,2]. Two types of theoretical approaches
have been employed to study the core properties of disloca-
tions. The first type is based on direct atomistic simulations
using either empirical potentials or first-principles calcula-
tions. Empirical interatomic potentials usually are not quite
reliable in describing the finer dislocation core structures,
where severe distortions like bond breaking, bond formation
and switching necessitate a quantum mechanical description
of the electronic degrees of freedom. On the other hand,
first-principles electronic structure calculations, though con-
siderably more accurate, are computationally expensive for
the studies of dislocation properties. The second type, is
based on the framework of the Peierls–Nabarro (P–N) model
which seems to be a plausible alternative to direct atomistic
simulations. In fact, there has been a resurgence of interest
in the simple and tractable P–N model for the study of dis-
location core structure and mobility [3–5]. In this paper we
shall study the dislocation core properties of aluminum us-
ing the P–N model with the GSF energy surface obtained
from first-principles calculations.
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2. Computational method and the GSF energy surface

The GSF energy surface is calculated within the frame-
work of density functional theory [6] (DFT) in the local
density approximation [7] to the exchange-correlation func-
tional, using the expression proposed by Perdew and Zunger
[8]. A kinetic energy cutoff of 12 Ry for the plane wave ba-
sis is used and the atomic structures are considered fully re-
laxed when the Hellmann–Feynman forces on each atom are
smaller than 0.001 Ry/au. The calculated equilibrium lattice
constant and bulk modulus are 3.94 Å and 82.52 GPa, in
good agreement with the corresponding experimental room-
temperature values of 4.05 Å and 76.93 GPa, respectively.

In addition to the lattice constant and bulk modulus,
we have calculated the value of the intrinsic stacking fault
energy and the unstable stacking fault energy. The calcula-
tions are performed at the theoretically determined in-plane
lattice constant. For the reciprocal space integration we
have used a k-point grid consisting of (16, 16, 4) divi-
sions along the reciprocal lattice directions according to the
Monkhorst–Pack scheme [9]. Both atomic relaxations and
volume relaxations were carried out to obtain accurate GSF
energies. The value of the intrinsic stacking fault energy
we obtained is 0.164 J/m2, in excellent agreement with the
result of 0.165 J/m2 of Sun and Kaxiras [10] and that of
0.161 J/m2 of Wright et al. [11]. Experimental measure-
ments range from a low value of 0.110 J/m2 to a high value
of 0.280 J/m2 [12]. Finally, the value of the relaxed unsta-
ble stacking fault energy is 0.224 J/m2, in agreement with
previous theoretical calculations [4,5].

0921-5093/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0 9 2 1 -5 0 93 (00 )01711 -1



G. Lu et al. / Materials Science and Engineering A309–310 (2001) 142–147 143

Fig. 1. The GSF energy surface for displacements along a (1 1 1) plane in Al (J/m2) (the corners of the plane and its center correspond to identical
equilibrium configurations, i.e. the ideal Al lattice) from DFT calculations.

The DFT GSF energy γ ( �f ) surface for the (1 1 1) plane
is calculated on a grid of 40 points in the irreducible part
of the (1 1 1) slip plane (1/12 of the area shown in Fig. 1).
We use an augmented symmetrized polynomial basis to fit
the calculated DFT GSF energy surface in order to facili-
tate the computation of dislocation properties. The basis is
chosen so that it preserves the underlying translational and
rotational symmetry of the fcc lattice. The fitted GSF en-
ergy surface is shown in Fig. 1, and the three high peaks
of the GSF surface correspond to the run-on stacking fault
configuration ABC|CABC, in which two C layers are the
nearest neighbors. The local minimum and maximum along
the 〈1 1 2〉 direction correspond to the intrinsic and unstable
stacking faults, respectively.

3. Semidiscrete variational P–N model

Recently a semidiscrete variational generalized P–N
model has been proposed which appears to be a very
promising approach to study dislocation core properties
[13]. Within this approach, the equilibrium structure of a
dislocation is obtained by minimizing the dislocation energy
functional

Udisl = Uelastic + Umisfit + Ustress + Kb2 lnL, (1)

where
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with respect to the dislocation density or disregistry vector.
Here, ρ(1)i , ρ

(2)
i and ρ(3)i are the edge, vertical and screw

components of the general interplanar dislocation density at
the i-th nodal point, and γ3( �fi) is the three-dimensional mis-
fit potential. The corresponding components of the applied
stress interacting with the ρ(1)i , ρ

(2)
i and ρ(3)i are τ (1) = σ21,

τ (2) = σ22 and τ (3) = σ23, respectively. K is a constant de-
pending on the elastic properties and the dislocation char-
acter and for an isotropic solid

K = µ

2π

(
sin2 θ
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)
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The pre-logarithmic energy factors Ke = µ/(2π(1 − ν))

and Ks = µ/2π are for an edge and a screw dislocation,
respectively; µ = 28.8 GPa and ν = 0.344 are the shear
modulus and Poisson’s ratio for A1, respectively. The dis-
location density at the i-th nodal point is ρ(l)i = (f

(l)
i −

f
(l)
i−1)/(xi − xi−1), l = 1, 2, 3, where f (l)i and xi are the

three components of the disregistry vector and the coordinate
of the i-th nodal point (atomic row), respectively. The x-axis
is the dislocation gliding direction, which is always per-
pendicular to the dislocation line. The remaining quantities
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entering in this expression are: χij = 3/2φi,i−1φj,j−1 +
ψi−1,j−1 +ψi,j −ψi,j−1 −ψj,i−1 with φi,j = xi − xj and
ψi,j = 1/2(φ2

i,j ln|φi,j |). The quantity L entering the last
term is the outer cutoff radius for the elastic energy [12].

The first term in the energy functional, Uelastic, represents
the configuration-dependent (density or disregistry) part of
the elastic energy, which has been discretized. This explicit
discretization of the elastic energy term removes the in-
consistency in the original P–N model and allows the total

Fig. 2. The disregistry vector in units of the Burgers vector for: (a) the screw and 60◦ dislocations; (b) the 30◦ and edge dislocations.

energy functional to be variational. Another improvement in
this approach is that the nonlinear misfit potential in the en-
ergy functional, Umisfit, is a function of all three components
of the nodal displacements, �f (xi). Namely, in addition to the
displacements along the Burgers vector, lateral and even ver-
tical displacements across the slip plane are also included.
Furthermore, because the disregistry vector �f (xi) is allowed
to change during the process of dislocation translation, the
Peierls energy barrier can be significantly lowered compared
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to its corresponding value from a rigid translation. In order
to examine the trend of energetics for different dislocations,
we identify the dislocation configuration-dependent part of
the total energy as the core energy, U core = U elastic+Umisfit,
which includes the density-dependent part of the elastic en-
ergy and the entire misfit energy, in the absence of stress.
The last term in Eq. (1), Kb2 ln L, is independent of the dis-
location density, and hence it is irrelevant in the variational
procedure. The outer cutoff radius L is chosen to be 103 Å
for all dislocations.

The response of a dislocation to an applied stress is
achieved by minimization of the energy functional with
respect to ρi at the given value of the applied stress, τ (l)i .
An instability is reached when an optimal solution for ρi
no longer exists, which is manifested numerically by the
failure of the minimization procedure to convergence. The
Peierls stress is defined as the critical value of the applied
stress which gives rise to this instability.

4. Dislocation core properties

We first examine the core properties of four typical dislo-
cations, i.e. the screw, 30◦, 60◦ and edge dislocations. These
dislocations have the same Burgers vector, �b = a/2 [1 0 1],
but different orientations (characters). In order to examine
the trend of the disregistry vector, �f = f1x̂+f2ŷ+f3ẑ, as a
function of the angle θ between the dislocation line and the
Burgers vector �b, one needs to determine the components of
�f parallel and perpendicular to b, i.e. f‖ = f1 sin θ+f3 cos θ

and f⊥ = f1 cos θ − f3 sin θ , respectively. The results for
f‖ are presented in Fig. 2(a) for the screw and 60◦ dislo-
cations, and in Fig. 2(b) for the 30◦ and edge dislocations,
respectively.

The dislocation half width ζ , defined as the atomic dis-
tance over which f‖ changes from 1/4b to 3/4b can be deter-
mined from Fig. 2. The values of ζ for the four dislocations
are listed in Table 1 and one can see the trend that the half
width increases monotonically with the dislocation angle θ .

The results for the energetics and the Peierls stress for
the four dislocations are also presented in Table 1. The mis-
fit energy, Umisfit, increases monotonically from the screw
to the edge dislocation, while the configuration-dependent

Table 1
Core half widths ζ (in Å); core energies Ucore and separate contributions
from the configuration-dependent elastic energy, Uelastic and the misfit
energy Umisfit; Kb2 ln L (in eV/Å); and Peierls stress (in MPa) for the
four dislocations

Screw 30◦ 60◦ Edge

Core widths 2.1 2.5 3.0 3.5
Ucore −0.0834 −0.1096 −0.1678 −0.1979
Uelastic −0.1828 −0.2317 −0.3199 −0.3666
Umisfit 0.0938 0.1221 0.1521 0.1688
Kb2 ln L 1.6050 1.8123 2.233 2.446
Peierls stress 256 53 98 35

elastic energy, Uelastic (negative in sign) decreases as the
angle increases. The configuration-independent elastic en-
ergy Kb2 ln L is also included. Several points need to be
emphasized: (1) The configuration-dependent elastic energy
Uelastic, ignored in some previous studies, is the dominant
contribution to the core energy Ucore (about a factor of two
larger than Umisfit). More importantly, it depends strongly
on the dislocation character; (2) While Uelastic is negative
here, in principle, it can be of either sign. For example,
Uelastic was found to be positive in Si [15]; (3) Inclusion of
the configuration-independent elastic term, Kb2 ln L, yields
positive values for both the total energy and the total elastic
energy.

As alluded earlier, the Peierls stress in this work is calcu-
lated as the critical value of the applied stress τ , at which the
dislocation energy functional fails to be minimized with re-
spect to ρi through standard conjugate gradient techniques.
This approach is more accurate and physically transparent,
because it captures the nature of the Peierls stress as the
stress at which the displacement field of the dislocation un-
dergoes a discontinuous transition. A typical value for the
Peierls stress of Al from the analysis of the Bordoni inter-
nal peaks is about 230 MPa [14] which is very close to our
value for the screw dislocation.

5. Correlation between dislocation properties and
dislocation character

In an effort to correlate dislocation properties with the
dislocation character, we have studied the dislocation prop-
erties of 19 different dislocations that have the same Burg-
ers vector but different orientations. The angle between
the dislocation line and the Burgers vector varies from 0
to 90◦.

The core energy Ucore along with its separate contributions
from the configuration-dependent elastic energy Uelastic and
the misfit energy Umisfit, are presented in Fig. 3 as a func-
tion of the dislocation angle θ . We find that and Uelastic de-
crease monotonically as the angle increases, whereas Umisfit
increases with θ . The configuration-dependent elastic en-
ergy Uelastic decreases with θ because the pre-logarithmic
factor K increases with θ . On the other hand, the mono-
tonic increase of Umisfit with θ is due to the fact that the
core width increases with the dislocation angle. Note, that
the configuration-dependent elastic energy, not only is the
dominant contribution to the total energy stored in the core
region, but also is more sensitive to the dislocation character
than the misfit energy.

In order to correlate the Peierls stress with the disloca-
tion character, plotted in Fig. 4 is ln (σpā/Kb) as a function
of ζ/ā. Here, ζ is the half width of a dislocation and ā is
the average nodal spacing along the X direction. It should
be pointed out that most of the dislocations in the fcc lat-
tice have non-even nodal spacings, except for the 30◦ and
edge dislocations. Most of the calculated values can be fitted
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Fig. 3. The core energy, elastic energy and misfit energy as a function of dislocation orientations.

(solid line) with

σp = 2πKb

ā
e−1.7ζ/ā . (6)

The large deviation of σ p for the 30◦ and edge dislocations
from the common trend, indicates that the nodal spacing
(even versus non-even) between atomic planes plays an im-
portant role on the Peierls stress [15]. On the other hand, the
deviation of the 10.9 and 14.9◦ dislocations from the com-
mon trend is unclear at present. Note, that the Peierls stress
is more sensitive to the average atomic spacing ā than to the

Fig. 4. The scaled Peierls stress as a function of the ratio of the core width to the average atomic spacing perpendicular to the dislocation line.

half width. For example, while both the 0 and 14.9◦ disloca-
tions have predominant screw components and similar half
widths of 2.1 and 2.3 Å, respectively, they have quite differ-
ent atomic spacings, 1.2 and 0.3 Å, respectively. This results
in a Peierls stress of 6 MPa for the 14.9◦ dislocation, almost
two orders of magnitude smaller than that of 256 MPa for
the screw dislocation.

In conclusion, we have performed first-principles calcu-
lations to obtain the GSF energy surface for the (1 1 1) glide
plane of Al. From these calculations we extracted the core
properties for various dislocations, using the semidiscrete
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variational generalization of the P–N model. We have shown
that the accurate DFT calculations of the GSF surface com-
bined with the semidiscrete variational P–N model enable
us to study the dislocation core properties more accurately
and expediently. Moreover, this model can be extended to
study a wide range of problems that are associated with more
complex dislocations processes such as cross slip, disloca-
tion intersections, reactions, etc.
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