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a b s t r a c t

The performance of four recent semi-empirical interatomic potentials for iron, developed or used within
the FP6 Perfect Project, is evaluated by comparing them between themselves and with available exper-
imental or, more often, density functional theory data. The quantities chosen for the comparison are of
specific interest for radiation damage studies, i.e. they concern mainly properties of point-defects and
their clusters, as well as dislocations. For completeness, an earlier, widely used (also within the Project)
iron potential is included in the comparison exercise as well. This exercise allows conclusions to be drawn
about the reliability of the available potentials, while providing a snapshot of the state-of-the-art con-
cerning fundamental properties of iron, thereby being also useful as a kind of handbook and as a frame-
work for the validation of future semi-empirical interatomic potentials for iron. It is found that
Mendelev-type potentials are currently the best choice in order to ‘‘extend density functional theory”
to larger scales and this justifies their widespread use, also for the development of iron alloy potentials.
However, a fully reliable description of self-interstitial atom clusters and dislocations with interatomic
potentials remains largely an elusive objective, that calls for further effort within the concerned scientific
community.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

A little before the start of the FP6 Perfect Project (henceforth
simply the Project), a set of new semi-empirical interatomic poten-
tials for body-centred-cubic iron (bcc-Fe) was published by
Mendelev et al. [1]. Despite using a formalism that was far from
new, i.e. the so-called embedded atom method [2], this set of
potentials turned out to represent a significant advance, compared
to the past. On the one hand, the fitting procedure was extremely
careful and made use of a large set of fitting and validation data,
including properties of the liquid phase and the melting point.
On the other hand, point-defect energies calculated little before
by means of density functional theory (DFT) techniques, especially
the then-surprising energy difference between the dumbbell and
crowdion configurations of the self-interstitial atom (SIA) in
body-centred-cubic iron (bcc-Fe) [3], were used as a reference for
the development of the potential. In particular, the potential ‘‘num-
ber 2” in [1] turned out to be especially accurate to describe a large
ll rights reserved.

32 14 321216.
number of properties involving defects in bulk bcc-Fe, from small
SIA clusters [4] to dislocations [5], when compared to DFT results
and also experiments. This potential will be hereafter denoted as
M03. At the beginning of the Project, a slight modification of
M03 was proposed as part of a potential for the FeP binary alloy
[6] (henceforth denoted as A04). Either of these two potentials,
M03 and A04, has been next extensively used, within and without
the Project, both for studies of defect properties in pure Fe, often in
comparison with other potentials or DFT results [4–15], and as a
basis for the development of alloy potentials [4,16–21].

Within the Project, two more potentials for bcc-Fe have been
developed: the so-called ‘magnetic’ potential proposed in [22] and
the set of Mendelev-type potentials still being worked on at CEA-Sa-
clay. The former is based on a combination of the Stoner and the
Ginzburg–Landau models and introduces, via a specific embedding
functional form, an explicit magnetic contribution to the energy of
interaction between atoms in a-Fe. The version herein used corre-
sponds to case study II in [22] and is denoted as D05. The latter uses
exactly the same formalism as for M03 and A04, but aims at better
fitting a number of properties of importance for Fe that the original
M03 and A04 are found not to reproduce satisfactorily. The version
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Table 1
Basic properties of Fe as predicted by the different potentials and compared with either experimental or ab initio (in italics) data. Legend: a0, lattice parameter (RT room
temperature); Ecoh, cohesive energy (at 0 K and equilibrium lattice parameter); DEfcc–bcc, cohesive energy difference between bcc and fcc structures (in the case of the fcc phase:
FM, ferromagnetic; NM, non-magnetic); Cij, elastic constants; cijk, surface energy for (ijk) surface; Tm, melting temperature; N/A, not available.

Description A97 M03 A04 D05 M07 Exp. and/or ab
initio

a0 (bcc) (Å)A 2.866a,b 2.855a,b 2.855c 2.866b 2.856 2.860 (0 K)d

2.870 (RT)e

a0 (fcc) (Å) 3.680a,b 3.658b 3.658 3.608b 3.668 3.658a

Ecoh (bcc) (eV/atom) 4.316a,b 4.122a, 4.127b 4.013a 4.316b,f 4.122 4.280e

DEfcc–bcc (eV/atom) 0.054a 0.121b 0.121g 0.086b, 0.1355f

(FM); 0.2216f

(NM)

0.122 0.122a, 0.035h,
0.08i, 0.050j

C11 (GPa) 243.4a 243.4a 243.3 243.4 243.3 243k, 233l,
237m, 226n

C12 (GPa) 145a 145a 145 145, 138b 144 138k,135l,141m,
140n

C44 (GPa) 116a 116a 116 121 121 122k, 118l,
116m,n

c100 (mJ m�2) 1810a 1762a 1752 1799p 2012 2179a

c110 (mJ m�2) 1580 1651 1617 1624 1869 N/A
c111 (mJ m�2) 1997 1998 1964 1998 2315 N/A
Tm (K) 2358a (coexistence temperature),

2340 ± 20b (moving interface), 2396q

(thermodynamic integration)

1772a (coexistence
temperature), 1760 ± 20b

(moving interface)

1750 ± 25r

(moving
interface)

2160 ± 20b,
2175 ± 25r

(moving
interface)

2250 ± 50
(moving
interface)

1811e

A See Fig. 1 for thermal expansion.
a Ref. [1].
b Ref. [37].
c Ref. [6].
d Ref. [38].
e Ref. [39].
f Ref. [22].
g Ref. [7].
h Ref. [40].
i Ref. [41].
j Ref. [42] (high temperature value).
k Ref. [43].
l Ref. [44].

m Ref. [45].
n Ref. [46].
p Ref. [47].
q Ref. [48].
r Ref. [10].
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used here, denoted as M07, is briefly described in terms of parame-
ters in Appendix A; full details about this set of potentials will be
published elsewhere. Both D05 and M07 were produced having as
reference the latest data concerning, in particular, the description
of SIAs in bcc-Fe, from DFT calculations [3,4,23].

In the present work, a number of results obtained with these
four potentials (M03, A04, D05 and M07) are compared between
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Fig. 1. Thermal expansion according to the different potentials. The inset blows up the l
all temperatures. The zero point motion is not taken into account in the calculation.
themselves and with available experimental or, more often, DFT
data. The quantities chosen for the comparison are of specific inter-
est for radiation damage studies, i.e. they concern mainly proper-
ties of point-defects and their clusters, as well as dislocations. In
most cases they are the result of static calculations, but a few
results from dynamic studies (effective migration energies,
displacement cascades, . . .) are also presented. For completeness,
500 600 700 800 900

T (K)

ow temperature behaviour. Note the odd thermal ‘‘contraction” predicted by D05 at
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the bcc-Fe potential developed in [24], here denoted as A97, is also
included in the comparison exercise. A97 is indeed a good example
of an early many-body potential, i.e. fitted without allowing for the
information that came from DFT since the year 2000. A97 has been
widely used (also within the Project) for a variety of studies con-
cerning radiation defect production, stability, mobility and interac-
tion in bcc-Fe and FeCu alloys, especially on loops and dislocations
[25–36]. It is therefore important to verify how the new potentials
perform as compared to it.

This comparison exercise allows conclusions to be drawn about
the reliability of the available potentials, by providing a snapshot
of the state-of-the-art concerning fundamental properties of Fe
that, in many cases, are not accessible to experiments. As such, this
Fig. 2. Bulk phonon properties in iron. The experimental results at ambient pressure (dia
potentials at 0 pressure (full black line) and under pressure at 10 GPa (full color line). From
M07. The phonon dispersion curves are represented in the high symmetry directions. Th
line). For more details on the calculation, see [11]. (For interpretation of the references to
exercise is also useful as a kind of handbook (many values will be
of use for example for kinetic Monte Carlo simulations or rate the-
ory models) and as a framework for the validation of future semi-
empirical interatomic potentials or, in general, cohesive models for
bcc-Fe.

Recently, a bond-order-type potential for Fe, also fitted to the
DFT description of the relative stability of SIA, has been proposed
[37]. The attractive feature of such a potential is its ability to de-
scribe the a–c transition of Fe. Nonetheless, since this potential
was neither produced, nor used within the Project, it is not in-
cluded in the present comparison exercise. In the article where
the potential is proposed there is, however, a quite extensive com-
parison with some of the potentials compared here. Concerning
mond symbols, [44]) are compared with calculations performed using the different
(a) to (e) the presented results correspond to, respectively: A97, M03, A04, D05 and

e phonon densities of states are calculated using 1623 special q points (black solid
color in this figure legend, the reader is referred to the web version of this article.)
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displacement cascades, a comparison has been made in [10]. These
results will be taken into account for the discussion.

In Section 2 we report the results of calculating basic properties
such as elastic constants, lattice expansion and melting point. In
Section 3 the fundamental properties of point-defects and small
clusters thereof (mainly characteristic energies) are addressed. In
Section 4 selected properties of dislocations and dislocation loops
are explored. In Section 5 results concerning damage production
in displacement cascades are given. In Section 6 a discussion and
a few concluding remarks are provided.

For the details of the calculations in most cases the reader is
necessarily referred to previous publications. Whenever the value
has been taken from a published work, the reference is given. Al-
most all of such values have been, however, also re-calculated
and verified. In some cases more than one value is reported, corre-
sponding to slightly different calculation methods (different codes,
different algorithms, . . .). By reporting all values we provide an
idea of the uncertainty related to these calculations, generally
not larger than 0.1 eV for characteristic energies (the largest part
of the reported database).

2. Basic properties

Table 1 shows a summary of basic properties of Fe, unrelated to
radiation damage, as calculated with the different potentials and
compared with experimental and DFT indications. Except for the
melting point, all are the results of static calculations performed
in standard way, i.e. by minimising the energy of the system in
Table 2
Properties of vacancy-type defects in Fe (formation and binding energies mainly), as pr
experimental or, more often, ab initio (in italics) data. Legend: E stands for energy (V for
formation and binding, respectively; the subscripts Xvac denote X vacancies in the consider
the removed vacancy is indicated by a square around it in the inserted figure. For the diffe
bold), see Section 3.1.

Description A97 M03 A04 D05 M

Efor
1vac (eV) 1.70a,b 1.71b, 1.73c 1.71d, 1.74 1.86b, 1.98 2

Vfor
1vac (X0) 0.82a,b 0.77b 0.77d 0.59b, 0.83 0

Ebind
2vac (eV) 1nn 0.14ª, 0.15 0.12, 0.13 0.13, 0.14d 0.25 0

Ebind
2vac (eV) 2nn 0.18, 0.19a 0.23, 0.24 0.23, 0.24d 0.25, 0.26 0

Ebind
2vac (eV) 3nn �0.06 �0.02 �0.02 �0.03 �

Ebind
2vac (eV) 4nn 0.04 0.03 0.03 0.04 0

Ebind
2vac (eV) 5nn �0.02 �0.02 �0.02 �0.01 �

Ebind
2vac�vac (eV)

0.34 0.28, 0.30 0.30 0.52 0

Ebind
3vac�vac (eV)

0.62, 0.63 0.55, 0.57 0.58 0.82 0

a Ref. [24].
b Ref. [37] (the origin of the relatively large discrepancy with presently calculated val
c Ref. [1].
d Ref. [6].
e Ref. [58].
f Ref. [59].
g Ref. [3].
h Ref. [23].
i Ref. [60].
j Ref. [61].
k Ref. [62].
l This work, DFT–VASP–USPP/PAW (see [60] for calculation details).

m Ref. [63].
the situation of interest or, in the case of elastic and lattice proper-
ties, by tracing the energy and force variation when applying
appropriate lattice deformation. Zero temperature and pressure
were assumed. Figs. 1 and 2 provide information about lattice
expansion and phonon properties, respectively. The lattice expan-
sion was calculated by performing constant pressure molecular
dynamics simulations, while the procedure for obtaining the pho-
non dispersion curves is detailed in [11]. The reported melting
points come from different estimations. The thermodynamic inte-
gration result for A97 comes from the construction of the whole
phase diagram using the methodology described in [48]. The coex-
istence temperature method searches iteratively the temperature
corresponding to zero values of the stresses in the bulk crystal
and liquid phase and is briefly described in [1], where references
are also given. The moving interface method is rougher, but based
on the same idea as the coexistence temperature method (see e.g.
[49]): solid and liquid phases are put in contact and the melting
point is contained in the interval between the highest studied tem-
perature at which the interface moves towards the liquid, thereby
increasing the fraction of solid, and the lowest studied temperature
at which the opposite occurs.

The cohesive energies and equilibrium lattice parameters are dif-
ferent depending on the potential. They are both, however, only ref-
erence values. These differences between potentials and with
respect to the experimental value do not represent, therefore, a ma-
jor shortcoming for the comparison, so long as the comparison is
made between differences with respect to the reference, as is generally
done. Concerning the energy difference between fcc and bcc
edicted by the different potentials in static calculations and compared with either
volume, in units of atomic volumes, X0 ¼ a3

0=2); superscripts for and bind stand for
ed cluster; Xnn stands for Xth nearest neighbour. In the case of tri- and tetra-vacancy,
rence between SIESTA and VASP–USPP/PAW (data obtained with the latter appear in

07 Exp. and/or ab initio

.10 1.53e, �2f, 1.95g, 2.07h, 2.02–2.15i (depending on used DFT method)

.90 0.95j

.13, 0.14 0.14k, 0.15g, 0.14/0.16l

.32, 0.33 0.28k, 0.29g, 0.28/0.23l, 0.30m

0.03 �0.02/�0.015l

.04 0.09/0.05l

0.02 0.06/0.06l

.33 0.36g,k, 0.37m

.75 0.70g,k, 0.62m

ues is unknown).
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Fig. 3. Pictorial representation of the different possible di-vacancy configurations in
a bcc structure and jumps of the second vacancy in the cluster (not all possible
jumps are shown). Zero represents the position of the first vacancy; the other
numbers correspond to the nearest neighbour shell at which the second vacancy is
found with respect to the first one. In the case of Fe the ground state corresponds to
two vacancies at 2nd nearest neighbour distance.
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structures, seen the scatter in DFT and experimental values, all
potentials can be considered reasonable. However, this single value
is hardly of any significance, as the whole equation of state for the
two phases should be sampled in order to draw conclusions about
the capability of the potential to describe them. In fact, none of the
considered potentials is able to reproduce spontaneously the bcc-
to-fcc transformation with rising temperature. As mentioned above,
it is only very recently that a bond-order potential for Fe capable of
doing so has been published [37]. The elastic constants are well
reproduced by all potentials; they are, however, standard fitting
parameters, so any defendable potential is expected to reproduce
them. It is difficult to make conclusions concerning surface energies,
having only one reference value available; it stands out, however,
that all potentials provide similar numbers, except M07, which
invariably gives higher values, closer to the only available experi-
mental indication. The melting point is reasonably well predicted
only by M03 and A04. The thermal expansion is acceptably repro-
duced by all potentials, except D05, which predicts thermal contrac-
tion instead (also M03 provides negative values at very low
temperature, see inset in Fig. 1). The phonon properties at ambient
pressure are reasonably well predicted by all potentials. However,
the stiffening of phonon modes under pressure is underestimated,
when compared to data in [45], by M03 – which predicts a softening
– and by A04; this probably explains also why the thermal expansion
tends to be somewhat underestimated by these potentials.

3. Fundamental properties of point-defects and their clusters

3.1. Calculation methods

Almost all values reported in this section are the result of static
calculations. The largest amount of them are characteristic ener-
Table 3
Properties of vacancy-type defects in Fe (migration energies), as predicted by the diffe
experimental or, more often, ab initio (in italics) data. Legend: Emig stands for migration en
transitions to which the energy barriers refer are pictorially indicated in Fig. 3); Xnn sta
methodology); NEB is nudged elastic bands (see [65,66] for methodology). Mechanisms (4nn
2nn) to migrate: one vacancy jumps to 4nn and the other follows, or one vacancy jumps to
are those characteristic of the whole cluster. For the difference between USPP and PAW (

Description A97 M03 A04

Static Emig
1vac (eV) [in parenthesis,

height of double saddle point
– see Fig. 4 for energy
profiles]A

0.78a, 0.79b 0.63(0.11)c,
0.65(0.12)

0.63a,b, 0.64(

Emig
2ndvac in di-vac

(eV) [1nn ? 2nn/

2nn ? 1nn (w3/w4)]

0.85/0.89, 0.86/0.90 0.60/0.69,
0.61/0.71

0.62/0.70

Emig
2ndvac in di-vac (eV) [1nn ? 3nn/

3nn ? 1nn w03=w04
� �

]

1.04/0.83 0.83/0.67,
0.84/0.69

0.85/0.67, 0.8

Emig
2ndvac in di-vac (eV) [1nn ? 5nn/

5nn ? 1nn w003=w004
� �

]

0.83/0.66, 0.83/0.67 0.72/0.56,
0.73/0.57

0.74/0.56, 0.7

Emig
2ndvac in di-vac (eV) [2nn ? 4nn/

4nn ? 2nn (w5/w6)]

0.75/0.60, 0.76/0.62 0.63/0.42,
0.63/0.43

0.64/0.43, 0.6

Emig
2vac (eV) [effective value] 0.75 (AKMC)b, 0.74

(NEB, 4nn mech.),
0.89 (NEB, 1nn
mech.)

0.62
(AKMC)b,
0.62 (NEB,
4nn mech.)

0.63 (AKMC)
(NEB, 4nn m
0.71 (NEB, 1
mech.)

Emig
3vac (eV) [effective value] 0.83 (static, NEB) N/A 0.46 (AKMC)

(NEB)

A Further data from Ref. [37] exist but are not included because they are suspiciously
a Ref. [24].
b Ref. [63].
c Ref. [1].
d Ref. [68].
e Ref. [69].
f Ref. [70].
g Ref. [62].
h Ref. [63].
i This work, DFT–VASP–USPP/PAW (see [60] for calculation details).
gies, i.e. formation, binding and migration energies. These are all
equilibrium energy differences calculated with respect to a refer-
ence state, so discrepancies in the cohesive energy and equilibrium
lattice parameters predicted by the different potentials do not
question the validity of the comparison.

The formation energy is defined as the energy difference be-
tween the system with and without defect, at constant number
of atoms. The binding energy is the difference between the forma-
tion energy of the system when the two involved defects are far
apart and close to each other, according to the specified configura-
tion: positive binding energies denote, therefore, attraction (the
rent potentials in calculations performed in different ways, compared with either
ergy, the subscript 2nd vac in di-vac denotes the second vacancy in a di-vacancy (the
nds for Xth nearest neighbour; AKMC is Atomistic kinetic Monte Carlo (see [64] for

and 1nn) are two different jump sequences for the di-vacancy (stable configuration is
1nn and the other jumps away to 2nn (see [67] for further discussion). Effective values
data obtained with the latter are in bold), see Section 3.1.

D05 M07 Exp. and/or ab initio

0.12) 0.84b, 0.85(0.06) 0.68 0.55d,e, 0.57 ± 0.14f, 0.64g,
0.67h

0.89/0.89 0.61/0.81,
0.62/0.82

0.61/0.72, 0.58/0.67i

6/0.69 1.10/0.82 0.94/0.77 0.87/0.71, 0.82/0.64 i

4/0.58 0.89/0.62, 0.89/0.63 0.78/0.62,
0.77/0.61

0.70/0.62, 0.68/0.58 i

4/0.44 0.83/0.61 0.70/0.41,
0.72/0.43

0.67/0.47, 0.68/0.50 i

b, 0.63
ech.),
nn

0.83 (AKMC)b, 0.83
(NEB, 4nn mech.)
0.89 (NEB, 1nn
mech.)

0.70 (NEB, 4nn
mech.), 0.77
(NEB, 1nn
mech.)

0.62 (static, 1nn
mechanism)h, 0.68–0.66
(AKMC based on ab initio
barriers: USPP–PAW)

b, 0.45 0.80 (NEB) 0.53 (NEB)c 0.35 (static)h

low, suggesting a systematic mistake in them.
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energy decreases by putting the defects together), while negative
binding energies denote repulsion (the energy increases by putting
the defects together). Finally, the migration energy is, by definition,
the difference between the energy of the system at the saddle point
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of the transition corresponding to a specific diffusion jump of the
defect, and the energy of the system before the transition.

In static calculations the system is typically set in the configu-
ration of interest and the energy is minimised by letting the atoms
reach their equilibrium positions in such a configuration at zero
temperature. Different methods can be used for this minimisation,
e.g. quasi-dynamic quench [46,47] or conjugate gradient proce-
dures [48]. In addition, the calculation can be performed at con-
stant volume or constant pressure. Finally, the number of atoms
included in the simulation box may differ. Altogether, this causes
slight differences in the obtained values to be possible, even using
the same potential and for the same defect, depending on the
method. These differences are, however, generally negligible. Here,
if the difference was of the order of 1/100 eV, it was neglected alto-
gether; otherwise, the different values have been reported, as an
indication of the uncertainty that may be associated with the cal-
culation of that specific quantity.
∞ ∞↔3 3nn 3↔ 1 1nn

∞ ∞↔ 5 5nn 5↔ 1 1nn

DFT/PAW DFT/USPP M03

DFT/PAW DFT/USPP M03

(a)

(b)

Fig. 6. Simplified energy landscape seen by the second vacancy of a di-vacancy (see Fig.
(left) to 4th nearest neighbour (right) and (b) from 5th nearest neighbour (left) to 4th n
In addition to characteristic energies, in the case of self-intersti-
tial type defects the vibrational entropy of formation has been cal-
culated, as well. The calculation was performed in the harmonic
approximation, by diagonalising the dynamic matrix, as detailed
in [11]. Finally, for single point-defects the formation volume has
been estimated by performing a constant pressure relaxation, i.e.
by minimizing the energy also with respect to the cell geometry.

A few words are necessary concerning the reference data used
for comparison. Experimental values for characteristic energies of
defects are scarce and limited to single point-defects. In all other
cases, the only possible reference data for comparison are those
from DFT calculations. While these are clearly more reliable than
empirical potential data and are supposed to be ab initio, i.e. not
to require the use of fitted parameters, quantitative differences in
the results nevertheless exist, depending on the used DFT approx-
imations. The values reported here, for all of which a precise ref-
erence is given (values calculated as part of this work have been
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always performed according to published methodology), have
been obtained either with the SIESTA code [4,23,49], or with
the VASP code [50]. In the SIESTA code valence electrons are de-
scribed as linear combinations of numerical pseudoatomic orbi-
tals using a basis set of localised functions. Core electrons are
replaced by non-local norm-conserving pseudopotentials and
the calculations were performed using the generalised gradient
approximation (GGA) functional proposed by Perdew et al. [51].
In contrast, VASP is a plane-wave code in which the core part
of valence electrons can be represented using either the projec-
tor-augmented wave (PAW) approach [52,53], or ultra-soft pseu-
do potentials (USPP) [54,55]. The calculations were performed
using the GGA functional of Perdew et al. [56]. PAW calculations
are more accurate than USPP calculations, especially for magnetic
materials, and most VASP reference data reported here have been
obtained with this method. Nonetheless, USPP have been exten-
sively used as well in the past and some of the reference values
reported here have been indeed calculated in this way, too. In
turn, plane-wave codes are more accurate than pseudoatomic
orbitals codes such as SIESTA, which are, however, faster for
many applications and for this reason have been, and still are,
widely used. Thus, a large number of reference data reported here
has been produced using SIESTA, too. In most cases, particularly
when it comes to binding and migration energies, the difference
between using one code or another, one approach or another, is
qualitatively (and largely also quantitatively) negligible. In a
few cases, however, the discrepancy can be significant, as will
be seen. Thus, also the reference data must be taken with care,
by not forgetting that they, too, are affected by uncertainties,
such a consideration including of course also experimental
measurements.
Table 4
Properties of single SIA configurations in Fe (formation energies, volumes and entropies),
experimental or, more often, ab initio (in italics) data. Legend: Efor, Vfor and Sfor stand for fo
volume, X0 ¼ a3

0=2; Sfor is calculated at constant volume [11] end expressed in units of Bol
and OCT stand for tetrahedral and octahedral interstitial position, respectively; N/A not av

Description A97 M03 A04 D05

Efor
h1 1 0i (eV) 4.87a,b, 4.70c 3.50b,

3.53d
3.53, 3.57, 3.59

e
3.65b

Vfor
h1 1 0i (X0) 0.76a,b 0.21,

0.22b
0.25 �0.57

Sfor
SIAh1 1 0i (kB) �11.05l 1.41l 2.8l �21.0

Efor
h1 1 1i (eV) 5.00a, 5.01b, 4.83c 3.99b,

4.02d
4.00, 4.01, (constrained,
otherwise becomes h110i)d

4.24b

Vfor
h1 1 1i (X0) 0.64a �0.03 �0.001 �0.34

Sfor
SIAh1 1 1i (kB) �4.15l 4.41l 9.6l Unsta

Efor
TET (eV) 5.63 4.16d 4.15 4.29

Efor
h1 0 0i (eV) 6.10b (constrained,

otherwise unstable)
4.33c 4.32b, 4.34 (constrained,

otherwise becomes Oct)d
4.58b

becom

Sfor
SIAh1 0 0i (kB) Unstablel 2.73l 1.8l Unsta

Efor
OCT (eV) 6.00 4.19d 4.17, 4.22e 4.48f

DEh1 1 1i–h1 1 0i
(eV)

0.13a,c, 0.14b 0.49b,d 0.44a,c, 0.47 0.59b

0.49

a Ref. [24].
b Ref. [37].
c Version of the potential modified at short distances (A. Serra, unpublished work).
d Ref. [4].
e Ref. [6].
f Ref. [22].
g Ref. [71].
h Ref. [23].
i This work, DFT/SIESTA (see [4] for calculations details).
j Ref. [3].
k Ref. [60].
l Ref. [11].
mRef. [7].
Dynamic calculations are of use especially in order to estimate
the effective migration energy of point-defects and their clusters,
allowing for all possible migration mechanisms, as well as possible
entropy effects. They are, however, computationally heavy, often
too heavy to be affordable. For this reason in this comparison exer-
cise only a limited number of dynamic migration energies is re-
ported. The calculation method may vary significantly and
therefore in each case the reader is referred to the specific work
for details. A few calculations were performed expressly for this
work, namely for the self-interstitial migration energy with A04,
D05 and M07. In these, the number of self-interstitial jumps was
dynamically determined as Nj ¼ hR2i=r2

1nn [57], where hR2i is the
mean square displacement, obtained as sum of the displacements
of all atoms in the simulation cell during the simulated time in a
long run (this approach has the advantage that one does not need
to define and track defect positions), and r1nn is the 1st nearest
neighbour distance (jump distance). Both pressure and tempera-
ture control were used in the simulation; simulations without this
control revealed only a small effect of 0.5% variation on the results
for the activation energy. No correlation factor was used in the cal-
culations, but if a constant factor is assumed in the temperature
range of interest (in this case 300–600 K), the activation energy
would not be affected; if, on the other hand, the factor grew with
temperature, the energy would shift slightly upwards.

3.2. Vacancy-type defects

Tables 2 and 3 compare the descriptions given by the different
potentials for small vacancy-type defects in terms of, respectively,
formation and binding energies (Table 2), and migration energies
(Table 3). In addition to the single-vacancy, clusters of up to four
as predicted by the different potentials in static calculations, compared with either
rmation energy, volume and entropy, respectively (Vfor is expressed in units of atomic
tzmann’s constant, kB); hi j ki denote the orientation of the dumbbell or crowdion; TET
ailable. For the differences between DFT methods, see Section 3.1.

M07 Exp. and/or ab initio

,f 3.69,
3.73

4.7–5g, 3.64h, 3.77i, 3.94j, 3.64–4.03
(range depending on used DFT
method)k

b 0.50 N/A

l �1.9 N/A
,f (dumbbell), 4.13 (crowdion) 4.36,

4.39
4.34j, 4.49h, 4.34–4.72 (depending on
used DFT method)k

0.29 N/A

blel 6.4 N/A

4.31 4.28i

, 4.60f (constrained, otherwise
es Oct)c

4.76,
4.78

4.80i, 5.04j, 4.64–5.13 (depending on
used DFT method)k

ble �2.0 N/A

4.90 4.97 (unstable)i

,f (dumbbell versus dumbbell),
(crowdion versus dumbbell)c

0.68 0.70h, 0.72i,j, 0.70–0.72 (depending on
used DFT method)k
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vacancies are considered. Fig. 3 depicts the possible configurations
for the di-vacancy and the possible transitions between configura-
tions (the configurations for the tri- and tetra-vacancy are depicted
directly on Table 2). Fig. 4 summarises the binding energy land-
scape as a function of di-vacancy configuration (upper panel) and
vacancy-cluster size (lower panel). Fig. 5 shows the energy profile
followed by the single-vacancy during a diffusion jump (i.e. ex-
change of position with a 1st nearest neighbour atom) according
to the different potentials and DFT. Finally, Fig. 6 provides a simpli-
fied energy landscape for the process of di-vacancy migration (only
the energy of the possible configurations and the saddle points of
the transitions between them are represented).

The vacancy formation energy is underestimated by all poten-
tials, except M07 and – to a lesser extent – D05, as compared to
DFT (large uncertainty exists concerning the experimental value).
The binding energies of small clusters (Table 2 and Fig. 4) are rea-
Table 5
Migration energy of single SIA Emig

SIA

� �
in Fe, according to the different potentials, compared

statically calculated for each possible mechanism (pictorially described and numbered from
also provided. N/A stands for not available.

Description A97 M03

Static Emig
SIA (eV) (main jump mechanism) (1) 0.18 0.31a

Static Emig
SIA 1nn transl. (eV) (2) 0.17 0.44a

Static Emig
SIA 2nn (eV) (3) 0.75 0.64a

Static Emig
SIA 3nn (eV) (4) 1.14 0.70a

Static Emig
SIA [1 1 0]–[0 1 1] rotation (eV) (5) 0.23 0.43a

Static Emig
SIA [1 1 0]–[1 1 1] rotation (eV) (6) 0.16 (dimer method)f,

0.17
0.50a

Static Emig
SIA crowdion glide (eV) 0.002 (dimer method)f 0.003

Dynamic Emig
SIA (eV) 0.055h, 0.127i N/Al

a Ref. [4].
b Ref. [72].
c Ref. [22].
d Refs. [73–75].
e Ref. [23].
f Ref. [76].
gThis work, SIESTA (see [4] for calculations details).
h Ref. [77].
i Ref. [27].
j This work (see text), using method from [57].
k Ref. [8].
l Expected to be coincident with A04.
sonably well reproduced by all potentials, although none repro-
duces the relatively strong binding for the di-vacancy at 4th and
5th nearest neighbour distances and D05 generally overestimates
the binding, particularly for the 1st nearest neighbour di-vacancy
configuration, which is as tightly bound as the 2nd nearest neigh-
bour one (ground state).

The migration energy of the vacancy tends to be overestimated
by potentials as compared to DFT and even more as compared to
experiment, the best performance being given by M03 and A04
(Table 3). The latter are also the potentials that reproduce most
closely the energy barrier landscape for the migration of the di-va-
cancy, as compared to DFT (Fig. 6). However, these two potentials
(as well as D05) predict a double-humped energy profile for the va-
cancy migration (Fig. 5), which is physically of unclear significance
and does not appear in the DFT calculation (this problem is re-
moved in M07 and hardly appears in A97).
with either experimental or, more often, ab initio (in italics) data. Values have been
1 to 6), as well as for crowdion. Dynamically calculated values (effective values) are

A04 D05 M07 Exp. and/or ab
initio

0.31 (static), 0.304 (dimer
method)b

0.26, 0.32c 0.29 0.30 ± 0.03d,
0.34

e

0.46 0.49 0.64 0.78
e

0.61 0.73 0.61 0.50
e

0.57 0.84 1.22 1.18
e

0.45 0.39 0.50 0.56
e

0.52 0.59 0.68 0.72, 0.76e

0.003 0.004 0.002 N/A

0.26 ± 0.01j, 0.27, 0.31k 0.25 ± 0.01j 0.27 ± 0.01l 0.30 ± 0.03d
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Table 6
Properties of di-SIA configurations in Fe (formation energies and entropies, migration energies), as predicted by the different potentials in both static and dynamic calculations,
compared with either experimental or, more often, ab initio (in italics) data. Legend: Efor and Sfor stand for formation energy and entropy, respectively (Sfor expressed in units of
Boltzmann’s constant, kB); hi jki denotes the orientation of the configuration (pictorially represented for better clarity), NPC stands for non-parallel configuration [12]; N/A not
available. For the differences between SIESTA and VASP–PAW, see Section 3.1.

Description A97 M03 A04 D05 M07 Exp. and/or ab
initio

Efor
di-SIAh1 1 0i (eV) 8.57 6.14, 6.21a, 6.31 6.21, 6.23b, 6.29, 6.31 6.42, 6.45 6.30 6.99

(SIESTA)c, 7.15
(VASP–PAW)c

Sfor
di-SIAh1 1 0i (kB) �15.29d 2.06d 3.7c, 4.0d �32.1d �3.6 N/A

Efor
di-SIAh1 1 1i (eV) 8.58 6.84a 6.74b 6.95 7.31 7.74 (SIESTA)c

Sfor
di-SIAh1 1 1i (kB) �10.16d 10.03d 11.4c,d �23.6d 1.2 N/A

Efor
di-SIA NPC (eV) 8.73 6.49, 6.61 6.51, 6.54c, 6.58 6.76, 6.79 6.41 6.95 (SIESTA)c,

7.04 (VASP–
PAW)c

Sfor
di-SIA NPC (kB) �20.6 10.2 10.2c �13.2 0.5 N/A

Efor
di-SIAh1 0 0i (eV) Unstable

(turns to
h1 11i)

6.67a, 6.69,
unstable (turns to
h211i)a

6.70, unstable (turns to h211i)a Unstable 6.80 7.10 (SIESTA)a

Sfor
di-SIAh1 0 0i (kB) Unstabled 3.92 (value for

h211i config.)d
4.73 (value for h211i config.)d �38.5 (for metastable config.

which has no h100i
orientation)d

�2.3 N/A

Emig
di-SIA (eV) (static) 0.16 (h110i

config.)
0.31a 0.31 (h11 0i config.), 0.34/0.55 (one

jumps after the other / the two jump
together)

0.26 (h110i config.) 0.33
(h1 10i
config.)

0.42e, 0.43f (static
for h110i config.)

Emig
di-SIA (eV)

(dynamic)

0.084g N/Ah 0.31, 0.33b N/A N/A �0.42i

a Ref. [4].
b Ref. [8].
c Ref. [12].
d Ref. [11].
e Ref. [23].
f Ref. [63].
g Ref. [27].
h Expected to be the same as for A04.
i Ref. [75] (based on interpretation of resistivity recovery data).
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It is worth mentioning here that different methods for the
obtainment of the vacancy migration energy profile (i.e. drag
method [65] versus nudged elastic bands (NEB) [65,66], slightly
different choices of initial and final conditions, different accuracy
in the relaxation, . . .) have been observed to lead to somewhat dif-
ferent paths, particularly at the two extremes; however, the saddle
point and the energy profile in the region of the saddle point are
generally found to be independent of the used calculation method.

3.3. Self-interstitial-type defects

Tables 4 and 5 provide a detailed account of the description that
each potential gives for, respectively, the different configurations
and migration mechanisms of the single SIA (the configurations
are dumbbells, i.e. two atoms sharing the same lattice site, oriented
in the specified crystallographic direction; the considered migra-
tion mechanisms are pictorially represented directly in Table 5).
The migration energy values per mechanism and potentials are
also summarised in Fig. 7. Tables 6–8 contain the properties pre-
dicted for the different possible configurations of, respectively,
di-SIA, tri-SIA, and tetra- and penta-SIA together (the configura-
tions are depicted on the tables themselves). Finally, Fig. 8 shows
the relative stability of the different configurations with respect
to the (supposed) ground state, i.e. parallel h110i dumbbells, as a
function of cluster size. The chosen configurations correspond in
general to parallel dumbbells, oriented along three crystallo-
graphic directions, namely h110i; h111i and h100i. The first seems
the most natural choice, because the stable single SIA is a h110i
Table 7
Properties of tri-SIA configurations in Fe (formation energies and entropies, migration ener
compared with ab initio (in italics) data.

Description A97 M03 A04

Efor
tri-SIAh1 1 0i (eV) 12.13 8.85,

9.03a
8.84, 8.87b, 9.00, 9.04a

Sfor
tri-SIAh1 1 0i (kB) �17.15d 3.12d 5.0c, 5.4d

Efor
tri-SIAh1 1 1i (eV) 11.37

e
, 11.83 9.31,

9.37f
9.28, 9.36b, 9.38

Sfor
tri-SIAh1 1 1i (kB) �12.65d 17.23d 19.7c,d

Efor
tri-SIA NPC (eV) 12.53 9.53,

9.81a
9.60, 9.66c, 9.75a

Sfor
tri-SIA NPC (kB) �24.7 13.0 15.0c

Efor
tri-SIAh1 0 0i (eV) 12.10 10.53f 10.54

Sfor
tri-SIAh1 0 0i (kB) Unstabled 6.39d 14.0d

Emig
tri-SIA (eV) 0.074

(dynamic)g
N/A 0.14b, 0.15 (both values

dynamic)

Legend: see Table 6 caption.
a 250 atoms.
b Ref. [8].
c Ref. [12].
d Ref. [11].
e Version of the potential modified at short distances (A. Serra, unpublished work).
f Ref. [4].
g Ref. [27].
h Ref. [63].
dumbbell. However, experimentally it is long known that intersti-
tial loops in iron have either a h111i or a h100i orientation [78].
For this reason, these are the orientations typically studied (see
e.g. [4]). However, it has been recently discovered that SIA clusters
can be stable also in configurations where the dumbbells are not
parallel [12]. These non-parallel configurations (NPCs), as dis-
cussed in [12,79], have a number of peculiarities and are deemed
to be of importance for a more correct description of the micro-
structure evolution in iron and iron alloys under irradiation.

The largely improved description of self-interstitials as com-
pared to DFT is the strong point of the most recent potentials
(M03, A04, D05 and M07) when compared to the older A97. The
four of them reproduce correctly the sequence of stability of the
different single SIA configurations (Table 4), although with non-
negligible quantitative discrepancies, particularly for the tetrahe-
dral configuration (Fig. 8B). However, D05 exhibits the oddity of
predicting a negative volume of formation for the single SIA. The
four potentials reproduce also satisfactorily, with only subtle dif-
ferences, the relative stability of h111i versus h110i configura-
tions, M03 and A04 being overall the closest to DFT (Fig. 8A). The
relative stability of non-parallel configurations (NPCs) is, however,
generally not satisfactorily reproduced (Fig. 8B): no potential pre-
dicts, for example, the DFT fact that the NPC is the ground state for
the di-SIA. For larger NPC clusters, important discrepancies exist
even between DFT methods [12], this being the most flagrant
example that also reference DFT data must be taken with care, as
anticipated in Section 3.1. If VASP/PAW results are taken as the
most reliable ones, we see that, by chance, D05 predicts the correct
gies), as predicted by the different potentials in both static and dynamic calculations,

D05 M07 Ab initio

9.15, 9.22a 8.95 9.81 (SIESTA)c, 10.25 (VASP/
PAW)c

�42.9 �3.5 N/A

9.31 9.41 10.17 (SIESTA)c

�25.3d 10.1 N/A

9.80, 9.85a 9.21 10.48 (SIESTA)c, 10.19 (VASP/
PAW)c

�26.4 6.2 N/A

Unstable (turns to h110i) 10.05 11.43 (SIESTA)f

�38.6d (not in h100i
config.)

�2.3 N/A

N/A N/A 0.43 (static for h11 0i config.)h
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stability for the tetra-SIA NPC and M07 (as well as A97) assign to
this configuration the role of ground state, in qualitative agreement
with the message conveyed by the VASP/PAW values. However, the
supposedly correct trend is never reproduced. Concerning h100i
configurations, these clusters are difficult to stabilise, both using
potentials and DFT, so it is difficult to draw conclusions and any
way these would be of unclear significance. The different case of
large h100i versus ½h111i SIA clusters (loops) is addressed in Sec-
tion 4.2. Overall, it appears clear that the study of SIA-type defects
poses more problems than that of vacancies, because they may ex-
ist in different configurations and orientations, not always suffi-
ciently stable to be easily and reliably analysed. Their relaxation
must be performed with care and small differences in the used pro-
cedure may lead to relatively large discrepancies. It is therefore not
surprising that, in the tables devoted to these defects, the largest
amount of different reported values for the same quantity is found.

Concerning migration mechanisms, the energy barriers for
those studied here are best reproduced by M07, but all most recent
potentials provide overall good predictions. In particular, the main
migration mechanism, i.e. translation-rotation of the h110i dumb-
bell (mechanism 1), has a correct barrier with all of them (note dif-
ference with respect to A97) and the on-site rotation of the h110i
to the h111i crowdion (mechanism 6) is not expected to occur
according to any of them, except at extremely high temperature
(contrary to the prediction of the older A97). Note also that all ex-
Table 8
Properties of tetra- and penta-SIA configurations in Fe (formation energies and entropies, m
calculations, compared with ab initio (in italics) data.

Description A97 M03

Efor
tetra-SIAh1 1 0i (eV) 14.24a, 15.04 10.81 (after ‘‘shaking” at finite temperature), 1

Sfor
tetra-SIAh1 1 0i (kB) �23.11e 7.81e

Efor
tetra-SIAh1 1 1i (eV) 13.73a, 14.31 11.36b

Sfor
tetra-SIAh1 1 1i (kB) �17.42e 13.78e

Efor
tetra-SIA NPC (eV) 14.03 11.14

Sfor
tetra-SIA NPC (kB) �30.3 22.60

Efor
tetra-SIAh1 0 0i (eV) Unstable 12.14b

Sfor
tetra-SIAh1 0 0i (kB) Unstabled 6.24e

Efor
penta-SIAh1 1 0i (eV) Unstable 13.25b

Sfor
penta-SIAh1 1 0i (kB) Unstablee 11.37e

Efor
penta-SIAh1 1 1i (eV) 16.93 13.36b

Sfor
penta-SIAh1 1 1i (kB) �19.21e 20.01e

Efor
penta-SIAh1 0 0i (eV) 20.83 15.49b

Sfor
penta-SIAh1 0 0i (kB) �25.23d 12.07d

Legend: see Table 6 caption.
a Version of the potential modified at short distances (A. Serra, unpublished work).
b Ref. [4].
c Ref. [8].
d Ref. [12].
e Ref. [11].
cept A97 predict the correct value (versus DFT) also for the on-site
rotation between different h110i directions (mechanism 5),
though not for the jump to 2nn (mechanism 3). A04 may allow
at high temperature mechanisms that should not occur (parallel
translation to 1nn position of the h110i dumbbell, mechanism 2),
and h110i jump to 3nn position, mechanism 4), but the improve-
ment with respect to A97, which allows almost all mechanisms,
is clear. A detailed discussion of the migration energy of clusters
would be out of the scope of the present work and the interested
reader is referred for this to [8,12] and to the extensive literature
cited therein.
4. Dislocations

4.1. Dislocation lines

The properties of dislocation lines are determined by a rela-
tively large number of parameters and an exhaustive study, which
should a priori include also dynamic and temperature-dependent
analyses, is well beyond the scope of the present work. Here we
limit ourselves to a few quantities of some importance that can
be calculated in a standard way and can therefore be easily com-
pared, namely the core structure of the screw dislocation (in
Fig. 9); the so-called c-line, i.e. the energy profile when two
igration energies), as predicted by the different potentials in both static and dynamic

A04 D05 M07 Ab initio

1.05b 11.05c, 11.04 11.47 10.94 12.31 (SIESTA)d, 13.30 (VASP/PAW)d

9.7c,e �43.8e 0.5 N/A

11.18, 11.22c 11.30 11.74 12.42 (SIESTA)d

15.9d,e �35.7e 10.6 N/A

11.30c 11.52 10.83 12.89 (SIESTA)d, 13.37 (VASP/PAW)d

22.6d �35.1 9.3 N/A

12.04 12.15 12.79 13.38 (SIESTA)b

16.0e �57.3e 1.8 N/A

13.42c 13.36 13.47 14.18 (SIESTA)b

15.2e �52.2e 1.9 N/A

13.49c 13.11 13.83 13.88 (SIESTA)b

22.0e �36.3e 9.5 N/A

15.44 15.66 16.77 16.45 (SIESTA)b

15.2d �69.3d 4.5 N/A
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adjacent atomic planes are made to glide rigidly one respect to the
other (generalised stacking fault energy, in Fig. 10); and the dislo-
cation strain energy as a function of the radial distance from the
dislocation line, i.e. the elastic energy stored in cylinders of grow-
ing radius whose axis is the dislocation line itself (in Fig. 11).

In Fig. 9 the core structure of the screw dislocation, as predicted
by the different potentials and by DFT calculations performed
using VASP/PAW, is shown in Vitek’s representation [80]. Accord-
ing to this representation, the crystal is looked at from the h111i
direction, i.e. the atomic plane represented is normal to the dislo-
cation line, thereby appearing as a triangular network. The length
of the arrows joining the vertices of the triangles, that represent
in fact atomic h111i columns, is proportional to the disregistry
(difference between actual and perfect-lattice interplane spacing
as fraction of the perfect-lattice interplane spacing) between the
concerned atomic columns. (Note that the atoms at each of the
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compact core consistent with DFT (VASP/PAW) indications (M03 provides results coincident with A04 [5]).
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vertices of the same triangle lie in fact on different parallel atomic
planes.) The triangle formed by the longest arrows, i.e. the largest
disregistry, identifies the screw dislocation core. It can be seen that
the core is compact, or non-degenerate, as in DFT, only according to
the Mendelev-type potentials: A04 and M07. (M03, though not re-
ported here, not only gives the same result as A04, but provided
also the first evidence of double kink mechanism for screw disloca-
tion glide in a molecular dynamics simulation [5], reproducing the
motion of this type of dislocation on {1 1 0} planes, in agreement
with experiments and theory.) On the other hand, both the older
A97 and D05 predict a threefold, spread (or degenerate) core. In
partial contrast with this prediction, the Mendelev-type potentials
provide the lowest c-line (Fig. 10), i.e. require the lowest energy to
make two atomic planes shift one respect to the other, significantly
less than according to DFT. A priori, this should suggest a more pro-
nounced tendency of the dislocation core to spread than with other
potentials, but the core structures of Fig. 9 suggest exactly the
opposite. Thus, the relationship between these two static results
– the only ones for which, however, DFT results can be produced
for comparison – is not obvious, as well as it is not obvious how
to link them with the actual dynamic behaviour of the dislocation.
Dynamically, Mendelev-type potentials provide sensible results, as
demonstrated at least in the case of M03 [5]. Finally, in spite of the
clear difference between potentials concerning screw dislocation
core description and c-line, the dislocation strain energy is largely
the same for all potentials, with the only exception of a somewhat
higher value predicted by D05 for the screw dislocation (as a con-
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Fig. 11. Strain energy for screw and edge dislocation as a function of the radial
distance from the dislocation line according to four potentials.
sequence of a somewhat different core energy). In this case, how-
ever, no DFT reference data is available for comparison, as the
required simulation volume would be far too large for DFT meth-
ods to be applicable.
4.2. Dislocation loops

Dislocation loops are in fact clusters of SIA in the form of plate-
lets of parallel dumbbells (or better said crowdions), large enough
to be able to say that, in the central region of the platelet, the crys-
tal is close to being perfect. When this happens, the disturbance is
confined to the edge of the platelet, thereby effectively creating a
closed edge dislocation line, with Burgers vector normal, or almost
normal, to the loop habit plane (the plane of the platelet of parallel
dumbbells or crowdions). In iron, two types of loops are observed
experimentally: with Burgers vector ½h111i and with Burgers vec-
tor h100i [78].

A clearcut size criterion to establish when a cluster of SIA
should be better called loop cannot be provided, but a Burgers vec-
tor can already be identified in clusters containing 30–40 SIA and
already this size is hardly accessible to DFT. Visible loops are even
larger and their study therefore requires the use of simulation vol-
umes containing several tens of thousands of atoms, totally inac-
cessible to DFT. Thus, in the case of loops we have no DFT
reference data and for their study we can only rely on potentials,
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without clear and direct indications to decide which potential is
more correct.

As in the case of dislocation lines, the properties of loops are
determined by a large number of parameters. Here we report on
two only: the strain field at the habit plane, in terms of atomic dis-
registry parallel to the loop Burgers vector (Fig. 12), and the forma-
tion (or self-) energy versus loop size (Fig. 13). Both these
quantities are hardly accessible to experiments, so it is impossible
to make any firm conclusion about the relative accuracy of the dif-
ferent potentials. The only considerations that can be made are
qualitative. For example, it appears that ½h111i loops are very
similarly described by all potentials, while discrepancies appear
in the description of h100i loops (Fig. 12). This different descrip-
tion of h100i loops depending on the potential is reflected also
in the formation energies as a function of size (Fig. 12): A97,
M03 and A04 provide similar qualitative trends: the ½h111i loops
are energetically favoured for all sizes, with slight energy differ-
ences (negligible with A04) depending on the habit plane of
h100i loops. In D05 the difference between h100i and ½h111i
Table 9
Threshold displacement energies depending on primary knock-on atom (PKA) direction,
methodology, see [83].

PKA direction A97a M03a A04a

h1 00i 17 15 17
h1 10i 31 27 33
h1 11i 35 25 33
Mean hMediani value 44.8 ± 0.4 h41i 36.9 ± 0.1 h35i 39.0 ± 0.3

Ref. [84].
a Ref. [83].
b Ref. [10] (in parenthesis, value after re-stiffening by Björkas and Nordlund).
d Refs. [85–87].

A97 M03 

D05 

Fig. 13. Loop formation energy versus number of SIAs for different types of loop (Burge
loops is the largest, with no influence of the habit plane of h100i
loops, thereby fully agreeing with the isotropic elasticity theory
picture [81]. On the contrary, M07 predicts an inversion of relative
stability above a certain size. If this was proven to be true, it would
explain the appearance in Fe of h100i loops. However, experimen-
tally both types of loops are observed for similar sizes [78] and re-
cent work suggests in fact that temperature, more than size, may
have an important role in determining the stability of h100i versus
½h111i loops [12,82].
5. Damage production

5.1. Threshold displacement energies

The threshold displacement energy is defined as the minimum
energy that must be provided to an atom in order to definitively
displace it from its lattice site, so as to form a stable Frenkel pair
(FP), i.e. a vacancy and a SIA that do not recombine spontaneously.
as well as mean (and median), according to the different potentials. For calculation

D05b M07 Experiment

33(17) 17 17
51(29) 33 >30
35(25) 31 20

h35i 66.5 ± 0.5 (35.0 ± 0.4) 37.2 ± 0.5 (40, advised value)d

A04 

M07 

rs vector and habit plane), with the different potentials, as specified on the graphs.
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Despite its apparent simplicity and clearness, this definition is
ambiguous and does not provide a clearcut criterion for the deter-
mination of the threshold energy, especially by means of atomistic
simulation, because in practice it is never true that above a certain
energy value a stable Frenkel pair is always produced, and never be-
low. This issue has been discussed in [83], where all the possible
interpretations of the definition and the difficulties encountered
for its application in practice are discussed and an accurate meth-
odology for threshold energy calculation using molecular dynamics
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and interatomic potentials is provided. This methodology has been
used to produce the data of Table 9.

All potentials (D05 only after re-stiffening, i.e. after modifying
the way the equilibrium potential is joined to a more appropriate
potential for the treatment of short distance encounters [10]) pro-
vide reasonable threshold energies when compared to experimen-
tal indications. This, however, is a priori only a necessary, not
sufficient condition to believe that they are reliable for displace-
ment cascade simulations [88,89].
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5.2. Displacement cascades

The influence of the interatomic potential on the result of the
simulation of displacement cascades (specifically in Fe) has been
first studied in [88] and, more recently, in [7] and [10]. A review
of results of displacement cascades for Fe is provided in [89]. We
refer to these works for the description of the cascade process
and of the simulation method. Fig. 14 compares the results ob-
tained with the potentials of interest in this work (all except
M03 which is, however, extremely similar to A04 and therefore
not expected to provide significantly different results). These
are given in terms of: (i) number of FPs left at the end of the
cascade process and (ii) fraction of SIA and vacancies found to
form clusters after appropriate analysis. As expected [89], no
large difference in the number of FPs is observed from one po-
tential to the other except, perhaps, at high energies, where dif-
ferent subcascade production may have a role in determining the
number of surviving defects. More pronounced differences
emerge in the defect clustered fraction versus cascade energy.
Qualitatively, it can be said that the predictions of D05 and
M07 are intermediate between A04 (highest clustered vacancy
fraction) and A97 (highest clustered SIA fraction). As discussed
in [7,88,89], it is impossible to explain the differences between
predicted clustered fraction in terms of one or two single factors
specific for the used potential. Nonetheless, as shown in [10], it
is possible to observe a trend to reduce the scatter when the
most recent potentials are used. This convergence of results,
which is likely to be the consequence of the fact that these
potentials predict similar stability and mobility of SIAs, in addi-
tion to having similar repulsive parts, may be interpreted, in it-
self, as a sign that overall some progress has indeed been made
on the path of developing more reliable interatomic potentials
for Fe.
Table 10
Parameters of the M07 potential. The notations are the same as in Ref. [1]. Distances are
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6. Concluding remarks

The growth to present-day standards of the speed and efficiency
of computers allowed, in the last decade, an impressively large DFT
dataset to be produced for defect properties in Fe. This dataset has
been partly used here to assess the performance of the most recent
interatomic potentials for this metal, as compared to earlier ones,
when applied to radiation damage studies. Since these potentials
have been fitted having in mind a few key DFT data, unsurprisingly
they globally provide results closer than ever to this class of data.
Since DFT data are accepted to be highly reliable, this is of course in
itself a significant improvement, epitomised by the excellent
agreement found, for the first time in the history of MD simula-
tions of Fe, between the dynamically calculated migration energy
of the single SIA and its experimental value (Table 5) [8], as well
as by the spontaneous prediction of the double kink mechanism
for the screw dislocation motion [5]. However, the number of cases
in which a direct comparison of interatomic potential results with
experimental measurements can be made is limited; so, essen-
tially, what is mainly checked here is how close the interatomic
potentials results are to DFT, for cases not considered at all in the
fitting procedure. From this point of view, the Mendelev-type
potentials, especially M03 and A04, perform very well, globally
much better than, for example, the equally recent and possibly
physically more grounded ‘magnetic’ potential, D05. In the latter
case, it is necessary to distinguish between the mathematical for-
malism of D05, which can be interesting in itself and may repre-
sent a conceptual improvement, and the accuracy of the fitting
that provided the specific set of parameters, which is clearly better
in the case of the Mendelev-type potentials. It is, on the other hand,
difficult to make a statement concerning the performance of the
bond-order potential developed in [37]: it is certainly attractive
to reproduce spontaneously the a–c transition, but the description
expressed in Å and energies in eV.
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of SIA and dislocation properties with this potential remains lar-
gely to be verified. At the moment, therefore, Mendelev-type
potentials appear to be the first choice in order to ‘‘extend DFT”
to larger scales and this justifies their widespread use, also for
the development of Fe alloy potentials [16–21]. Much can certainly
be learnt by exploiting these potentials as they are.

Nonetheless, many limitations remain. In particular, it is diffi-
cult to decide about the reliability of these potentials when applied
to cases for which there is no DFT reference, as experiments pro-
vide more qualitative, than quantitative, indications. The clearest
example of this situation is given by SIA loops, which are, on the
other hand, key to understanding and quantifying radiation dam-
age evolution. In addition, even when a DFT reference does exist,
the performance is not always satisfactory, as shown in the case
of the non-parallel SIA cluster configurations or, to a lesser extent,
in the case of dislocations. In spite of all efforts, a fully reliable
description of SIA clusters and dislocations with interatomic
potentials remains, therefore, an elusive objective that calls for fur-
ther effort within the concerned scientific community.
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Appendix A

The M07 potential benchmarked in this article was developed
following the same approach as for the M03 and A04 potentials.
The same analytical form was used, namely with an embedding
function including a term proportional to the square of the density
in addition to the square root term characteristic of tight-binding
potentials in the second moment approximation, such as Finnis–
Sinclair potentials [90]. As in Ref. [1], the pairwise term and the
density function are written as cubic splines, but the number of
parameters was re-equilibrated between the two parts, by reduc-
ing from 15 to 13 the number of nodes in the pairwise term, and
increasing it from 3 to 5 in the density function. The database used
for the fit of the parameters was slightly modified. Concerning ab
initio data, no data from liquid iron were used, instead more config-
urations were considered for the self-interstitial formation ener-
gies (i.e. including the tetrahedral and octahedral configurations)
and the vacancy formation and migration energies were added.
For the latter, we used the values obtained from DFT–GGA calcula-
tions carried out with the SIESTA code using 250 atom cells. As in
Ref. [1], an exponential function ensures a smooth connexion with
the Biersack–Ziegler repulsion at short distance. The ab initio val-
ues of the fcc lattice parameter as well as the fcc–bcc energy differ-
ence were also taken into account. Among the tests performed on
the obtained potentials, a particular attention was paid to improve,
with respect to M03 and A04, on the one hand, the thermal expan-
sion and, on the other hand, the vacancy migration barrier, as com-
pared to experiment / ab initio results.

We have adopted as fitting tool the ASSIMPOT code (T. Dagusé
and G. Bencteux, unpublished), which is based on the principle of
variational assimilation. The deviation between the results pro-
vided by a set of parameters and the target values of the fitting
database is quantified using an objective function. This objective
function is minimized using conjugate gradient technique. We
tried to include the defect configurations, i.e. their relaxed ab initio
atomic positions, in the database by including the forces, with a
zero target value, in the objective function. In practice, it turns
out that it is impossible to fit energies and forces simultaneously:
if one relaxes the positions with the obtained potential, relaxed
energies deviate from their objective values. In other words,
DFT–GGA and EAM force fields around defects differ significantly.
This type of fitting is therefore used only in the first step. Then,
the atomic positions are no longer considered in the fit and, for
every defect, the energies are calculated using the atomic positions
relaxed for the previous set of parameters. This procedure is iter-
ated until convergence. Several converged sets of parameters were
obtained using this methodology. The set of parameters selected
for the present paper is given in Table 10.
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