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We study self-interstitial cluster migration properties, such as dimensionality of the motion and activation
energy barrier, as functions of the cluster size, by means of molecular-dynamics simulations in bce-Fe. The
atomic interactions are described using a recently proposed potential, fitted to reproduce self-interstitial atom
(STA) configuration energies in close agreement with the results of ab initio calculations. We show that this
potential provides a dynamic migration energy for the single SIA in agreement with the experimental value. We
also show that, in the case of clusters formed by up to five SIAs, the migration energy decreases with
increasing cluster size, but remains higher than previously believed. This is the consequence of the change of
the migration mechanism of these small clusters from purely three dimensional (3D) to preferentially one
dimensional (1D) and of the fact that these clusters take different configurations during migration, including
anomalous ones. While the concept of fast 1D diffusion of large SIA clusters remains valid, the obtained results
suggest a revision of both the rapidity and the dimensionality of the motion of small interstitial clusters.
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I. INTRODUCTION

The mobility of self-interstitial atoms (STA) and SIA clus-
ters is one of the most important parameters determining the
microstructure evolution in irradiated metals. In particular,
the kinetics and the reaction cross sections depend crucially
on the dimensionality of the motion of defects involved.!™*
Thus a precise knowledge of the diffusion coefficient and
mechanisms (one- vs three-dimensional motion) of these de-
fects as functions of defect size is a fundamental prerequisite
for any model intended to describe radiation-induced micro-
structure evolution.>™ The quantitative reliability of the
model will strictly depend on the accuracy to which the
physical mechanisms of defect migration at the atomic level
are understood and on how the consequent parameters gov-
erning them are transferred into the model.

According to the atomic-level simulation studies in «-Fe
existing to date,'®?! the most energetically favorable con-
figurations of SIA clusters are collections of (111) crowdi-
ons, describable as %(111) dislocation loops above a certain
size,4-16:18-21 which are also known to be spontaneously
formed in displacement cascade simulations.!>??>-2° Under
special conditions collections of (100) dumbbells, describ-
able as (100) loops, can also be stabilized,'®!”?! but these
have never been reported to nucleate spontaneously in dis-
placement cascade simulations in a-Fe to our knowledge. A
large body of literature devoted to the study of the (111) STA
clusters in a-Fe (Refs. 10-21) showed that these defects
move in one dimension by fast glide, with occasional
changes of glide direction [mixed one-dimensional (1D) to
3D migration] in the case of small SIA clusters, formed by
two or three SIAs. The activation energy for 1D glide of SIA
clusters is in all cases on the order of a few tens of meV, and
this high mobility is surprisingly observed even in loops con-
taining as many as 91 SIAs.!'®171921 Although such a low
value may induce us to question that SIA cluster migration is
a thermally activated process, in most available studies this
assumption has been made and proved to be acceptable by
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the consistency of the results thereby obtained, so we shall
retain it. Additional discussions on this subject can be found
in Ref. 21.

All of these studies were performed using empirical po-
tentials (EPs) that did not embody the information on SIAs
in a-Fe coming from density-functional theory (DFT)
calculations.’*3? These calculations suggest that the (110)
dumbbell (the most stable configuration according to
experiments®-3%) has lower formation energy than the (111)
crowdion by 0.7 eV, which is significantly different from the
picture hitherto provided by most EPs. The previously devel-
oped EPs either predict wrongly the (111) crowdion to be the
most stable configuration,?>233-38 or provide too small en-
ergy difference between (111) and (110)
configurations!>37-23:39-43 (less than 0.3 eV). Owing to this
deficiency, the EPs hitherto used provide a low-energy bar-
rier for the (110) dumbbell to reorient itself to the (111)
configuration, so that the single SIA is found to migrate one-
dimensionally by gliding along the close-packed (111) direc-
tion. In this picture, the bottleneck for migration is the reori-
entation to the (I111) configuration, which is assumed to
largely determine the overall migration energy. This was in-
deed the commonly accepted idea,'>'>!> which was even
found to agree with resistivity recovery studies in a-Fe,'%*
despite the fact that these suggested a migration energy of
0.30+0.03 eV (Refs. 33 and 45-48) for the single SIA,
higher than the one provided by the EPs.

In contrast, DFT calculations have shown that the energy
barrier for the reorientation from (110) to (111) is about
0.7 eV and therefore its probability is totally negligible at
most temperatures. A migration mechanism based on the
rigid rotation and translation of the (110) dumbbell, as pro-
posed by Johnson more than 40 years ago,* becomes thus
the most favored one, as shown by recent DFT studies of the
SIA migration in a-Fe, indeed suggest Johnson’s mechanism
to be the most favorable one, providing a migration energy
of 0.34 eV (Ref. 31) (the two alternative migration mecha-
nisms are depicted in Fig. 1). This fact imposes a revision of
the previous understanding concerning SIA cluster motion in
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FIG. 1. (Color online) The two jump mecha-

nisms proposed in the literature for SIA migration
in a-Fe: (left) reorientation to (111) and crowdion
glide along this direction (Refs. 12, 15, 19, and
51); (right) Johnson’s mechanism, characterized
by translation with change of (110) direction
(Ref. 39). Empty and filled spheres represent, re-
spectively, initial and final positions; striped

A A spheres denote intermediate positions. Below the
B g figure the statically calculated barriers for each
G@ AT 4 key process (big arrow) are given according to
] ‘f' o7 the present work [AMS potential, (Ref. 50)] and
-% i compared to the corresponding values from DFT
k calculations (Refs. 31 and 32).
AMS  0.57 (eV) reorient. AMS 0.34 (eV) transl.
DFT 0.76 (eV) reorient. DFT  0.34 (eV) transl.

a-Fe coming from molecular-dynamics (MD) simulations,
because clearly the EPs used for those studies cannot reflect
the DFT results. Recently, the configuration of small SIA
clusters and the migration barriers for both single SIA and
small SIA clusters have been studied statically using DFT
methods?!*? and compared with the predictions of a many-
body interatomic potential (potential number 2 in Ref. 49)
fitted to reproduce, as closely as possible, the DFT energies
of the different SIA configurations. That static study shows
that the mentioned potential reproduces indeed fairly well
the DFT predictions also for clusters up to five SIAs.

In the present work, a more recent, modified version of
the same interatomic potential,®® henceforth denoted as AMS
(from the initials of the first three authors), which predicts an
energy difference between (111) and (110) single SIA con-
figurations of about 0.5 eV, is used to study dynamically the
migration of the SIA and SIA clusters of different sizes in
a-Fe. Dynamic studies of defect migration mechanisms are
to be preferred to static studies because no a priori choice of
the actual migration path is made in them and the influence
of temperature, which may activate mechanisms inaccessible
at low temperature, is spontaneously allowed for.>' We show
that, using this potential, while the picture for the mobility of
SIA clusters of large enough sizes (above five SIAs) remains
virtually unchanged, for small clusters the fast 1D motion
description becomes a subject of revision. In particular, the
SIA appears to follow a largely 3D path, following the jump
mechanism proposed by Johnson, with a dynamic migration
energy fully consistent with the experimental (and static
DFT) value. The data are presented in terms of jump fre-
quencies vs temperature, specifying activation energies and
pre-factors as functions of size. Shortcomings encountered in
specific cases when applying established methodologies for
the computational study of SIA cluster mobility in metals by
MD are pointed out and briefly discussed. In Sec. II the
methodology used in the present study is outlined and in Sec.
IIT our results are presented. In Sec. IV we discuss the reli-
ability of our results vs DFT calculations and their possible
impact on the description of the microstructure evolution in
this metal under irradiation and during annealing. The main
conclusions are summarized in Sec. V.

II. CALCULATION METHOD

A. MD simulations and atomic coordinate analysis

The general MD simulation scheme for atomic-scale
modeling of the diffusion of point defects and their clusters,
including the specific features related to 1D transport, has
been taken from Osetsky and co-workers.!®!7-2151 Single
SIA and SIA cluster motion was therefore studied using clas-
sical MD in the microcanonical (NVE) ensemble, after
equilibration to a given temperature. All calculations were
done with the MD code DYMOKA.?? Cubic crystallites equili-
brated at zero pressure containing up to 54 000 atoms with
periodic boundary conditions were employed. The diffusion
of single SIA and SIA clusters containing from 2 to 37 SIAs
was simulated in the temperature region from
400 to 1000 K. SIAs were identified as two atoms in the
same Wigner-Seitz cell. The SIA and SIA cluster (center of
mass) positions were tracked, together with their correspond-
ing orientation, so that a full picture of the defect motion
could be produced. In order to have equal statistical meaning
for simulations at all temperatures, the migration process was
followed for an increasing physical time (10-20 ns) with
decreasing temperature, in such a way that a large enough
number of defect jumps (between 10 and 10*, 10% on aver-
age) was performed in all considered cases for a given type
of defect.

The position of the single SIA was monitored every 10 fs
at the lowest temperature and every 2 fs at the highest tem-
perature. From its trajectory and by counting the number of
jumps, both its jump frequency and its diffusion coefficient
could be deduced, as explained in Sec. II B (the jump dis-
tance equals the first nearest-neighbor distance in the bec-Fe
lattice, coincident with the Burgers vector: |b|=ay\3/2
=248 A, ay=lattice parameter=2.87 A). Distinguishing
between different possible jump mechanisms required the
orientation of the self-interstitial configuration to be checked
after each jump ((110) or a (111)), in order to establish what
angle the new direction formed with the previous one.
Knowing the coordinates of the two atoms in the dumbbell,
the axis joining each of them to the central lattice site is
easily computed. If both atoms lie within the solid angle
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dQ=Aﬁ2AZ, where AZ is the projection of the coordinate of
one of the atoms (with origin in the lattice site) on the con-
sidered axis and ¢ is a calibrated small length (chosen to be
0.12 A after testing in the case of the single SIA at 600 K),
then the SIA has a defined orientation that can be recognized
and recorded. Otherwise the SIA is classified as “without
defined orientation,” a situation that typically corresponds to
the moment of the reorientation.

The position of the SIA clusters was defined by the coor-
dinates of the center of mass of the dumbbells or crowdions
contained in them (“center of mass of the cluster,” hence-
forth CMC). The positions of the centers of each SIA in the
cluster were recorded every 5 fs, thereby obtaining the cor-
responding trajectories. Each time it was also verified that
the cluster had not dissociated, using a nearest-neighbor dis-
tance criterion (the actual distance varied depending on the
size of the cluster; for large clusters it corresponded to 3b
along the (111) direction, i.e., to the tenth nearest-neighbor
distance): if dissociation was detected, the simulation was
stopped. However, in the present work no cluster dissocia-
tion was ever observed, even at the highest temperatures.
The number of jumps of the CMC was counted by taking the
jump distance equal to b, as in the case of the single SIA.
This enabled the corresponding jump frequencies, correlation
factors, and diffusion coefficients to be deduced, as described
in the following section (see also Refs. 14, 21, and 51). In
order to study the cluster orientation, the following criteria
have been used: each time the CMC has been determined,
the orientation of each dumbbell or crowdion belonging to
the cluster has been identified. If all individual defects form-
ing the cluster had the same orientation, then the orientation
of the cluster was defined to be the same as the orientation of
its individual defects. Otherwise, the cluster was assigned no
defined orientation. By tracking the change in the cluster
orientation in time it was broadly possible to estimate the
number of reorientations of the cluster.

B. Diffusion coefficients

The diffusion coefficient of a cluster of defects of size N,
Dn(T), can be obtained from atomistic simulations using the
well-known Einstein equation (see, e.g., Ref. 52):

R\(T)
2nt

sim

where RN2 is the mean-square displacement (MSD) of the
migrating defects and is a function of temperature, n is the
dimensionality of the motion (1)—(3), and ¢, is the simula-
tion time. After repeating the calculation for different tem-
peratures, the Dy(T) curve can be produced by interpolating
the different points with the Arrhenius expression typical of
any thermally activated process, i.e.,

Dy(T) = Do,Ne_E"’/kBT' (2

Here kg is Boltzmann’s constant, while the migration energy
E],X and the prefactor D, are the free parameters of the
interpolation, whose values are obtained from the linear re-
gression (logarithm vs 1/kgzT) on the collected points.
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In order for Eq. (1) to define unambiguously a diffusion
coefficient, independently of the choice of ¢, RN2 should
increase linearly with time. This condition is easily fulfilled
if the average is taken on a large amount of diffusing defects
for long observation times. However, in MD simulations the
time frame is limited and, in order to follow correctly the
trajectory of the type of defect to be studied, only one defect
at a time can be introduced in the crystallite. A way to par-
tially circumvent the problem consists of decomposing the
trajectory of the only defect introduced in the system into a
set of K shorter, independent segments, each corresponding
to a fraction of the simulated time, 7x=t;,/K, as first applied
by Guinan et al.>® This technique of data analysis, called
here the independent interval method (IIM), has been widely
used in the past to study SIA and SIA cluster
diffusion,!#1518.2051.53 With the IIM the displacements of a
defect of size N in each of the K intervals i, Ry ;, are traced
and the average of their square is taken, thereby obtaining
the defect diffusion coefficient at a certain temperature,
DN(T):

K 2

DD =~ 3 Ry 3)

Ko 2ny

The choice of 7x is delicate. It should be long enough to
include all local correlations of defect motion, i.e., should
correspond to long enough trajectories. On the other hand, it
cannot be very long in practice, for a given t;,,, because the
error committed is statistically proportional to VK. The prob-
lem is particularly serious when the defect motion is mixed
1D and 3D. Then two choices are a priori possible. Either
the treatment is applied for 1D segments only, i.e., between
directional changes, with n=1, thereby determining the 1D
diffusion coefficient, or the three-dimensional case is consid-
ered, with n=3, but in this case one must make sure that
Tx> Topq (Where 1/7,,, is the rate of directional changes,
particularly changes of 1D glide direction). Note that the first
approach is only applicable if it is indeed possible to de-
scribe the motion of the defect as a sequence of 1D stretches
along different directions: this situation may not always be
realized, as will be seen in the following section. In the
present work, the choice of 7y was made by looking at the
dependence of Dy(T) on it. As shown, e.g., in Ref. 48, the
value of Dy(T) decreases for growing 7x and finally stabi-
lizes to a more or less constant value, thereby becoming only
weakly dependent on 7x: the value for Dy(T) was then cho-
sen to be the one in this “plateau” corresponding to the
smallest 7, i.e., to the smallest error bar, which was gener-
ally around 10%. The actual value of 1 was of course dif-
ferent in each case, but the range was 20—250 ps.

If the defect motion can be described in terms of discrete
jumps between equivalent equilibrium positions, occurring at
a known average rate, and the jump distance A is constant, as
is the case for both single SIAs and SIA clusters (with A
=b), then Eq. (1) can be rewritten for a defect of size N at a
given temperature T as'42!!
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v{(T)A?

DT) = [T N) =

4)
Here, V{V is the jump frequency and f. is the correlation
factor. Note that all the way through we will assume that the
jump distance is fixed and equal to the first nearest-neighbor
distance in the bce crystal. The jump frequency V{v can then
be measured from the simulation by monitoring the succes-
sive center-of-mass positions of the defect and taking the
average of the inverse of the time between jumps, which
provides directly the average frequency. The correlation fac-
tor is generally temperature and defect size dependent and its
complete expression is (see, e.g., Ref. 52)

n—1 n—-1
fC=1+lim(g > > cos b, ) (5)

N\ =1 j>i

where 6, ; is the angle between the directions of jumps i and
j. If the defect follows a completely isotropic random walk
and the number of jumps is sufficiently large, i.e., in the case
of a fully random 3D diffusion, it can be easily demonstrated
that f-— 1 and can hence be dropped in Eq. (4). When the
motion is strictly 1D, on the other hand, the correlation fac-
tor has a straightforward expression:>

N or
¢ = (©)

i.e., simply the ratio between the number of forward (Ny,,)
and backward (N,,,) jumps (compared to the previous
jump), which is readily deduced from the simulation. In
cases of fully 1D motion Eq. (4) can therefore be conve-
niently used, with n=1, for the determination of the 1D dif-
fusion coefficient of the migrating defect. This method will
be henceforth denoted as jump length method (JLM).

The application of Eq. (4) requires the evaluation of the
single-jump frequency from the simulation. Its temperature
dependence obeys an Arrhenius law as well:

V(T) = v e En T, (7)

where V{)’N is the defect jump attempt frequency. As dis-
cussed in Ref. 51, the effective defect migration energies
obtained for the same defect from the diffusion coefficient
[Eq. (2)], EN, and from the jump frequency [Eq. (7)], EN¥,
can be different. One of the reasons for this is exactly the
temperature dependence of the correlation factor [Eq. (6)].
This implies that, in general, it is not possible to obtain the
jump frequency, given the diffusion coefficient, without
knowing the correlation factor. Nonetheless, it is possible to
assess the jump frequency prefactor that appears in Eq. (7),
given, e.g., the diffusion coefficient estimated using the 1IM,
even without precise knowledge of the correlation factor. By
combining Egs. (2), (4), and (7) one obtains indeed

UIM -N*
2an’%Me‘(EZ ~En kT 2nD6l’%M

Vg),N - AZ fC(T»N) - AZ

(8)

Here, the assumption behind the approximate equality be-
tween intermediate and right-most term is that the difference
between the migration energy obtained from the IIM diffu-

PHYSICAL REVIEW B 75, 104108 (2007)

sion coefficient and the migration energy obtained from the
corresponding jump frequency comes from the temperature
dependence of the correlation factor. The behavior vs tem-
perature of the exponential function in the numerator is thus
expected to be the same as the behavior vs temperature of f,
and their ratio is therefore expected to be constant and close
to unity. This approximate equation does not add anything to
the analysis, but it turns out to be useful in some cases for
comparison between defects for which only the diffusion co-
efficient from the IIM is known.

Finally, if the orientation of the defect is monitored as
described in the previous section, it is possible to give an
estimate of the size dependent activation energy for reorien-
tation, E}, by producing the Arrhenius plot vs temperature of
the frequency of reorientations, vy, as measured from the
simulation:

V(T) = vy ye kT 9)

It should be noted that all methods considered here to
quantify the diffusion properties of SIA defects present short-
comings when it comes to their applications. The IIM is a
priori a blind method that should work even without any
knowledge of the actual defect migration mechanism at the
atomic level, but in fact information about the dimensionality
of the motion is necessary to choose the simulation time and
the length of time intervals to be considered. In some cases
obtaining proper statistics and convergence to a unique dif-
fusion coefficient value, independently of the choice of ¢,
and 7k, may prove difficult (see discussion in Ref. 51). The
JLM inherently obliges to produce more detailed information
concerning the migration mechanisms, but it is convenient
only for strictly 1D moving defects and is also affected, like
the IIM, by simulation time constraints, that may limit its
statistical accuracy. Its application to 1D to 3D moving de-
fects is in principle possible, in order to define the 1D diffu-
sion coefficient of a given defect, however, it requires the
actual possibility of identifying 1D stretches in the defect
trajectory. As will be shown in this work, this is not always
true and this fact may lead to some difficulties in deciding
which method is the most appropriate and reliable in each
particular case and, more importantly, which description is
the most adequate to characterize the motion of a given de-
fect in a coarser-grain model that neglects the atomic-level
details.

III. RESULTS
A. Stability of single SIA and SIA cluster configurations

Prior to investigating the mobility of interstitial defects,
we determined the energy of the most stable configuration in
which the studied SIA clusters are found according to the EP
used. In order to do that, after equilibration at finite tempera-
ture the obtained configurations were frozen by rapidly re-
ducing the temperature to values increasingly close to zero
(quenching), with the aid of the MD code. The results, pre-
sented in Table I, were obtained in a box of 2000 atoms at
constant volume.

As already mentioned, for the single SIA the stablest con-
figuration is the (110) dumbbell, in agreement with both
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TABLE I. Statically calculated formation energies of (111) and (110) configurations and corresponding energy differences between the
two (total and per SIA) for a number of small clusters, according to (i) the potential used in this work (Ref. 50), (ii) the calculations
performed in Ref. 32 using potential number 2 in Ref. 49, and (iii) the DFT calculations performed in Ref. 32. Our calculations were
performed at constant volume in boxes of 2000 atoms in order to ensure convergence.

Energies (eV)

g0 ED E gﬂl >7<\17]/0§IA
Cluster r r (111)=(110) per (e )
size This Ref. Ref. This Ref. Ref. This Ref. Ref. This Ref. Ref.
(no. work 32 32 work 32 32 work 32 32 work 32 32
SIA) AMS? EP® DFT AMS? EP® DFT AMS? EP® DFT AMS? EPP DFT
2 6.23 6.21 6.68 6.76 6.74 7.43 0.53 0.53 0.75 0.27 0.27 0.38
3 8.87¢ 8.79¢ 9.49¢ 9.36 9.37 10.01 0.49 0.58 0.52 0.16 0.19 0.17
4 11.05 11.05 11.66 11.22 11.36 11.77 0.17 0.31 0.11 0.04 0.08 0.02
5 13.42 13.25 14.18 13.49 13.36 13.88 0.07 0.11 -0.30 0.01 0.02 -0.06
7 17.68 Vi 1 16.80 1 I -1.08 /I / -0.15 I I

*AMS =empirical potential from Ref. 50 used in present work.
YEP=empirical potential from Ref. 49.
°EP and DFT predict a slightly different lowest energy configuration.

33-35 30-32

experiments and DFT calculations. The formation
energy of the (111) crowdion is 0.5 €V higher than that of
the (110) dumbbell, which is much closer to DFT results than
with most as yet used EPs, as can be seen from Table II.
According to the AMS potential used in this work,>® di-,
tri-, tetra-, and penta-interstitial clusters consist in their sta-
blest configuration of first nearest-neighbor, parallel (110)
dumbbells, while a configuration consisting of (111) parallel
crowdions was found to be the most stable for seven-SIA
clusters. The energy surplus of the (111) configuration for
di-, tri-, tetra-, and penta-intestitials decreases with size, as
shown in Table I, which qualitatively and quantitatively
agrees with static calculations at constant pressure performed
in Ref. 32, where potential number 2 from Ref. 49 was used.
The agreement is also good with constant pressure DFT
static calculations,> except in the case of the penta-
interstitial that, according to DFT, is already more stable in
the (111) configuration. Note that in Table I also the energy
difference per SIA is provided. This energy is important be-
cause, although the physical mechanism leading to the reori-
entation of the cluster is not known in detail, it could be a

process whereby not all dumbbells rotate at the same time to
become crowdions, but rather one by one. In this picture, the
energy difference per SIA between the two configurations
provides an estimate of the energy required to trigger the
transformation.

B. Mobility of single SIA and SIA clusters

The results are presented in three blocks, corresponding to
classes of defects that, even within the relatively small range
of sizes analysed in this work, exhibit different dynamic be-
havior from one to another.

1. Defects of class 1

The first class is composed by the single SIA and the
di-interstitial, whose migration paths were found to be fully
three-dimensional at all temperatures. For both defects the
diffusion coefficient could therefore be unambiguously ob-
tained using the IIM [Eq. (3)]. The mechanism of migration
is Johnson’s (Fig. 1) for both; in the case of the di-interstitial
the two dumbbells jump in sequence, one after the other.

TABLE II. Relative stability of SIA configurations according to a number of interatomic potentials. E
denotes the formation energy of the specified SIA configuration; E(j;1y_(110y denotes the difference, which

gives the relative stability. These potentials are those used to produce the data shown in Fig. 2.

Energies (eV)

Potentials g0 E}l 1 Eq11y—110y
Chakarova et al. (Ref. 38, 60, and 75) 4.15 (Ref. 75) 4.02 (Ref. 75) —0.13 (Ref. 75)
Ackland et al. (1997) (Ref. 42) 4.87 5.00 0.13
Simonelli et al. (Ref. 43) 4.23 4.53 0.30
Johnson & Oh (Ref. 15, 59, and 63) 4.34 (Ref. 41) 4.71 (Ref. 41) 0.37 (Ref. 41)
This work [AMS (Ref. 50)] 3.52 4.01 0.49
DFT (Ref. 30) 3.41 4.11 0.70
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Ref.57 - 0.056 (eV)
Ref.55 - 0.055 (eV)
Ref.56 - 0.125 (eV)
Ref.15 - 0.167 {eV)
This work - 0.31 (V)
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FIG. 2. Comparison of the single SIA diffusion coefficients ob-
tained by MD in this work using the AMS potential with results
taken from the literature obtained with a number of older potentials
for a-Fe, namely, Chakarova et al. (Refs. 38, 60, and 75) from Ref.
57, Ackland ef al. (1997) (Ref. 42) from Ref. 55, Johnson and Oh
(Refs. 59 and 63) from Ref. 15, and Simonelli et al. (Ref. 43) from
Ref. 56. The solid lines are linear Arrhenius fits. Only AMS pro-
vides an effective migration energy comparable with the experimen-
tal value.

The diffusion coefficient of the single SIA vs temperature
calculated with different potentials using the IIM is given in
Fig. 2 (see Table III for the corresponding diffusion coeffi-
cient and jump frequency prefactors). The results for the
AMS potential®® were produced in this work, while the other
results were taken from the literature.'>>>>7 Only the data
points obtained using the AMS potential®® provide an effec-
tive migration energy close to the experimental result33#-48
(0.30+0.03 V), whereas other results are far from it. The
reason for these different predictions clearly resides in the
different relative stability that each potential assigns to the
(110) dumbbell vs the (111) crowdion, as summarized in
Table II, and the consequently different time that the SIA
spends in the two configurations, which gives a different
weight to the two possible mechanisms depicted in Fig. 1.
The effective, global migration energy is the weighted aver-
age of the migration energies associated to the two compet-
ing mechanisms (a priori other mechanisms specific of a
given potential may also appear). By analyzing the recorded
orientations of the SIA according to AMS, it has been seen
that this defect is hardly ever found in the crowdion configu-
ration at all studied temperatures. Thus the effective migra-

TABLE III. Results of the application of the IIM for clusters
formed by up to five SIAs. The reported jump frequency prefactor
has been obtained from Eq. (8) and is therefore exact only in the
case of single- and di-interstitial.

Size (N) Type of motion Dy (m?/s) V{)’N (10257 EN (eV)

1 3D 4.42x1077 43 0.31
2 3D 2.43x107° 237 0.33
3 3D—1D-3D 3.35%x 1078 3.3 0.14
4 1D-3D 3.11x10°8 3.0 0.16
5 ID-3D—1D 4.30x 107 0.42 0.07
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= Single-SIA E, =0.31 (eV)

1] ® DISIAE,=033(eV)
10 . : . : :
10 15 20 25 30

-1
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FIG. 3. Diffusion coefficient for the single- and di-interstitial as
calculated using the IIM. Both defects move following a completely
three-dimensional random path. The migration energies correspond-
ing to the slope of the linear Arrhenius fit (straight lines) are also
indicated (for prefactors, see Table III).

tion energy is essentially decided by the energy barrier asso-
ciated with Johnson’s mechanism (Fig. 1). The slightly
higher value obtained statically in this work (Fig. 1) is likely
to be due to the approximate procedure used in such a cal-
culation to find the saddle point: more accurate static calcu-
lations performed with the same potential provide
0.304 eV, in line with the present dynamic calculations. At
the other extreme, with Chakarova et al. potential the SIA is
always in a crowdion configuration and the only reason for
having an effective migration energy slightly higher than the
pure glide energy is the fact that it undergoes changes of
glide direction.”” The Ackland et al. (1997) potential*?> pro-
vides low stability of the (110) dumbbell relative to the (111)
crowdion (see Table II), therefore the reorientation to crow-
dion often occurs and the effective migration energy is
mainly defined by the energy for crowdion glide, like in the
Chakarova et al. potential case. On the other hand, Johnson
and Oh!>3% and Simonelli et al.** potentials predict a
higher relative stability of the dumbbell vs the crowdion (see
Table II), although not as large as AMS, therefore they pro-
vide intermediate results between the mentioned extreme
cases.

Figure 3 shows the diffusion coefficient vs temperature
for the di-interstitial obtained in the present study employing
the IIM (see Table III for the corresponding diffusion coef-
ficient and jump frequency prefactors). Data points for the
single SIA are also included for direct comparison. Both de-
fects have a very similar migration energy (0.33 and
0.31 eV), consistently with the similar jump mechanism.
Also static calculations with a potential very close to the one
used here (potential number 2 in Ref. 49) have shown that
single- and di-interstitial have similar migration energies.*?
However, DFT static calculations gave for the di-interstitial a
higher migration energy, namely 0.42 eV.3? The reason for
this discrepancy are not clear and will be discussed in Sec.
IV. Note that Fig. 3 reveals also that the prefactor to the
diffusion coefficient of the di-interstitial is larger than that of
the single SIA by about a factor 5 (see also Table IIT), denot-
ing somewhat faster diffusion of the former. It is difficult,
however, to make any statement about the consistency of this
effect with either experimental evidence or DFT studies.
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TABLE IV. Frequency of reorientation in terms of prefactor and
activation energy for clusters up to size 4.

Size (N) ~ Type of reorientation v, (10257 EL (eV)
1 (110)—(111) 1 0.69
2 (110)—(110) 157 0.28
3 (110y—(111) 0.37 0.041
4 (110y—(111) 8.01 X 1072 0.044

The barrier for reorientation for both defects of this class
have also been estimated dynamically from the reorientation
frequency, as detected using the algorithm described in Sec.
IT A. The corresponding prefactors and energy barriers are
given in Table IV. The single SIA was observed to reorient
from the (110) to the (I111) SIA configuration at high tem-
perature, with an effective reorientation energy of 0.69 eV,
somewhat higher than in the approximate static calculation.
The di-interstitial has never been seen to glide along the
close-packed (111) direction, not even at high temperature,
consistently with the high-energy difference between its
(111) and (110) configurations (see Table I). Thus the study
was limited to the reorientations interpreted as changes of
(110) direction, corresponding in fact to a diffusion jump.
The reorientation energy was found to be 0.28 eV, a value
that, considering that it has been obtained from a different
type of analysis and allowing for the error associated to the
regression, must be considered essentially coincident with
the migration energy value, 0.33 eV.

2. Defects of class 2

The second class is composed by tri-, tetra-, and penta-
interstitial. In this class a transition between fully 3D and
preferably 1D motion occurs with growing size within the
MD time frame. In practice, each cluster behaves differently.
The tri-interstitial exhibits fully 3D motion below 600 K, but
above this temperature the cluster was found to glide in the
(111) configuration. The tetra-interstitial displays a clearly
visible and well-defined 1D-3D motion at all temperatures,
with long 1D-glide stretches, during which the cluster has
most of the time a (111) configuration, interrupted by
changes of glide direction by transformation into (110) con-
figurations. The penta-interstitial moves preferentially by
gliding along the (111) direction, at all temperatures, with
very sporadic changes of glide direction, detectable only at
high temperature in the MD time frame (about 12 times in
20 ns at 900 and 1000 K, i.e., 500 jumps). Only at low tem-
perature were penta-interstitials observed to turn from time
to time into a (110) configuration, without change of glide
direction.

Figure 4 shows the diffusion coefficients vs temperature
obtained with the IIM for this class of defects. For conve-
nience, also single- and di-interstitial data points are in-
cluded. The corresponding IIM migration energies and pref-
actors are detailed in Table III. Clearly, the clusters of this
class are faster diffusers than the defects of the class 1, in a
relatively large range of low temperatures. The tri-interstitial
is found to migrate with an effective energy of 0.14 eV, very
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FIG. 4. Diffusion coefficient of defects of class 2, as calculated
using the IIM. The data for the single- and di-interstitial are also
included for direct comparison. For the corresponding migration
energies and prefactors, see Table III. The dashed and solid lines are
linear Arrhenius fits to the data points for, respectively, defects of
class 1 and 2.

close to the migration energy of the tetra-interstitial, while
for the penta-interstitial the effective migration energy was
found to be as low as 0.07 eV, suggesting the onset of 1D
glide. The migration energies of defects corresponding to this
class are therefore rather low, but not as low as reported in
previous works,'3171921 where clusters of the same size
where found to glide athermally along the (111) direction
only.

In the case of the tri- and tetra-interstitial, the frequency
of reorientation between (110) and (111) directions has been
determined according to the analysis described in Sec. II A
and is presented in Fig. 5. It can be seen that, within the
relatively large scatter of the data points, these clusters reori-
ent themselves almost athermally, with surprisingly low ef-
fective activation energies (few tens of meV). In the case of
the tetra-interstitial each reorientation to the (110) configura-
tion corresponds to a subsequent change of (111) glide direc-
tion, while this is not necessarily the case for the tri-
interstitial.
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FIG. 5. Frequency of reorientation (from (110) to (111)) of tri-
and tetra-interstitial. For the corresponding activation energies and
prefactors, see Table IV. The lines are linear Arrhenius fits.
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FIG. 6. 1D diffusion coefficient for the SIA clusters of class 3
(size 7, 19, and 37), as calculated using the JLM. These defects
move exclusively along a one-dimensional paths within the MD
time frame. The data for some of the clusters of class 2 are included
for comparison. The lines are linear Arrhenius fits. For the corre-
sponding migration energies and prefactors, see Table V.

In the case of tetra- and penta-interstitial, 1D-glide
stretches along (111) directions can be unambiguously iden-
tified and isolated, providing the possibility of estimating
their 1D diffusion coefficient using the JLM. The relevant
data are plotted in Fig. 6 (diffusion coefficient) and Fig. 7
(jump frequency). The corresponding migration energies and
prefactors are given in Table V, together with data for larger
clusters to be discussed in the next section. Figure 6 and
Table V reveal that the 1D diffusion coefficients of tetra- and
penta-interstitials are close to each other, but different from
those of larger clusters: the corresponding 1D migration en-
ergy is higher, and therefore the mobility lower, than, e.g.,
for a seven-SIA cluster, in a fairly large range of low tem-
peratures. Nonetheless, when analyzed in terms of 1D jump
frequency (Fig. 7), tetra- and penta-interstitials behave ex-
actly as larger clusters, though with a somewhat higher mi-
gration energy. The difference between the migration ener-
gies for these two clusters of class 2 is related to the
temperature dependence of the correlation factor, as shown
in Fig. 8. The correlation factor related to the clusters of
class 2 increases with temperature, while it decreases in other
cases.

Another unexpected feature, which was found to be spe-
cific for this class of clusters, is that all three of them have
been seen to take highly symmetric, but anomalous configu-
rations that cannot be classified as either (110) or (111). Tri-,
four-, and penta-SIA clusters in these configurations con-
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FIG. 7. Jump frequency along (111) directions for SIA clusters
of class 2 and 3. For the corresponding migration energies and
prefactors, see Table V.

sisted of nonparallel dumbbells and were found to move
slower or not at all. The presence of such configurations was
detected at relatively high temperatures (above 600 K), sug-
gesting that entropy may stabilize them. In the case of the
penta-interstitial, where these configurations have been ob-
served most frequently, they appear to be easily switched to
and from during (111) glide, occasionally leading to a change
of the glide direction. This fact suggests that the found con-
figurations are energetically almost equivalent to the (111)
configurations and contribute to make the migration path fol-
lowed by the cluster more complicated, thereby increasing
the effective migration energy of this cluster when compared
to purely gliding (111) clusters. When the tetra-interstitial
falls into such a configuration during glide, it stops moving
at all (so the simulation was stopped in those cases). The
latter observations suggest that, beyond the MD timeframe,
the existence of metastable nonparallel configurations may
further affect the mobility of SIA clusters, in the sense of
reducing it. The relative stability of these configurations and
the mechanisms whereby they can transform to the other
ones is currently under investigation, as well as their repro-
ducibility with DFT methods.

3. Defects of class 3

The third class of clusters includes all those consisting of
more than five SIAs (up to the maximum studied size),
which are collections of (111) crowdions in their most stable
configuration. In this case, the results obtained with the used

TABLE V. Results of the application of the JLM (1D diffusion coefficient) for clusters from size 4

upward.
Size (N) Type of motion Dy y (m?/s) EN (eV) vy (101257 Eﬁf (eV)
4 1D-3D 1.39x 1078 0.12 2.24 0.061
5 1ID-3D— 1D 9.93%x 107 0.10 1.85 0.065
7 1D 3.90x 1070 0.047 1.68 0.063
19 1D 296X 1070 0.053 0.80 0.043
37 1D 2.28x107° 0.049 0.64 0.038
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FIG. 8. Correlation factor for SIA clusters of class 2 and 3. Note
that this factor decreases with temperature in the case of clusters of
class 3, while it increases in the case of clusters of class 2.

EP are in full agreement with those of previous studies with
other potentials.!>!>18-21' A5 a consequence of their configu-
ration, these clusters glide along the (111) direction of their
Burgers vector and cover, at least within the MD time frame,
strictly 1D migration paths. For these clusters the use of the
JLM was therefore the obvious choice. The main lacking
information for these clusters is the corresponding frequency
of change of glide direction, whose determination is out of
the reach of the MD time frame.

The 1D diffusion coefficients vs temperature for clusters
of 7, 19, and 37 SIAs are shown in Fig. 6, together with
those of tetra- and penta-interstitial. The corresponding mi-
gration energies and prefactors are detailed in Table V and
are seen to be only weakly dependent on size and invariably
very small (0.04-0.06 eV), while the prefactor decreases
with cluster size. Qualitatively similar, though quantitatively
slightly different, values of migration energy were obtained
from the corresponding jump frequencies, plotted in Fig. 7
(see Table V for energies and prefactors). The difference be-
tween the migration energy obtained from the jump fre-
quency Eﬁ * and from the diffusion coefficient E% originates
from the temperature and size dependence of the correlation
factor. Its somewhat scattered values are shown in Fig. 8 and
display for this class of clusters a qualitatively similar trend
vs size and temperature when compared to the work of Os-
etsky et al., where a different potential was used,?! although
the actual values are fairly smaller. The results obtained with
the AMS potential for this class of clusters are therefore
comparable with previously published ones.'*!%13-2 Tn par-
ticular, the jump frequency prefactors obtained in the present
work can also be interpolated using the law proposed and
used by Osetsky e al., v} y=v}/N5,/#16172151 where S is a
fitted exponent that has been theoretically explained to take
values between about 0.5 and 1 (Refs. 18, 61, and 62) and
V("J,l is interpreted as the jump frequency prefactor for the
single SIA (in the crowdion configuration). In Fig. 9 this law
is used to interpolate our data from Table IV and to compare
them with data from (i) Osetsky et al.,>! obtained using the
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FIG. 9. (Color online) Jump frequency prefactor as a function of
cluster size according to the present work compared to similar data
from the literature, obtained using older interatomic potentials;
namely, (i) data from Osetsky er al. (Ref. 21), obtained using the
pair potential from Ref. 36, (ii) data from Marian et al. (Ref. 20),
obtained using Ackland et al. (1997) potential (Ref. 42), and (iii)
data from Soneda and de la Rubia (Ref. 19), obtained using the
Johnson and Oh potential (Refs. 15, 59, and 63). Some data have
been adequately treated in order to allow a consistent comparison
(see text). The NS law proposed by Osetsky et al. applies in all cases
for the interpolation, with reasonable values for the S exponent.

JLM in MD simulations with their own pair potential,*® (ii)
Marian et al., obtained using the IIM (with n=1) in MD
simulations with Ackland et al. (1997) potential,**> [original
data are transformed in terms of jump frequency prefactor
via Eq. (8) for comparison], and (iii) Soneda and de la
Rubia,!” obtained using the IIM (with n=3) in MD simula-
tions with the Johnson and Oh potential'>>*%* [data are also
transformed via Eq. (8) for comparison, after multiplying by
3 for full consistency]. It can be seen that the “N=5" law is
valid for all data with values of S in the theoretically pre-
dicted range,'?¢12 although the crowdion frequency prefac-
tor depends visibly on the potential and is found to be par-
ticularly high according to Ackland et al. (1997) potential
(=5x% 10" s7!), intermediate according to Johnson and Oh
(=1X10" s7!) and lower and essentially coincident with
AMS according to the Osetsky potential (=5 X 10'2 s71).

It is known that, above a certain size, which certainly
exceeds 100 SIA, the mobility of SIA clusters experiences a
dramatic decrease.?! However, the dynamic study of those
clusters by MD becomes increasingly problematic because of
the large size and the low mobility, so that the upper bound
for the defects of class 3 is not clearcut and the issue of how
to describe, in radiation damage accumulation models, the
mobility of large and visible SIA clusters (dislocation loops)
remains an open problem.

IV. DISCUSSION
A. Comparison with DFT results

We have seen that on two occasions, namely for the mi-
gration energy of the di- and tri-interstitial, the results dy-
namically obtained with the AMS potential do not agree with
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static DFT calculations,?!*? in spite of the proven capability

of the EP to reproduce fairly well the properties of single
SIA in accordance with DFT. In both cases, the discrepancy
goes in the sense of lower migration energies in the dynamic
calculations with EP. These discrepancies could, of course,
be the consequence of a weakness of the EP. On the other
hand, also DFT calculations have shortcomings that could
question the full reliability of the obtained results. Dealing
with SIA clusters, which have larger displacement fields than
the single SIA, the use of small DFT boxes is likely to pro-
duce artefacts, caused by self-interaction of defects through
periodic boundary conditions, and this may lead to an over-
estimation of the formation energy of the defect in its lowest
energy state and to an even larger overestimation at the
saddle point, thereby providing an overestimation of the mi-
gration energy. This could partly explain the higher migra-
tion energy found with DFT for the di- and tri-SIA clusters.
The application of static procedures, on the other hand, re-
stricts the study of transitions to predefined paths only and
does not allow for vibrational entropy effects that become
important at finite temperature.

B. Clusters of class 2: Features and problems

According to our findings the clusters of class 2, in con-
trast to defects of class 1, can take several different configu-
rations during their migration, some of which allow them to
glide along the close-packed (111) direction. As a result, an
effectively faster mobility as compared to class 1 is ob-
served, particularly in the low temperature regime (see Fig.
4). The smaller the E111y<110) difference of the given cluster,
the easier the glide and therefore the closer its behavior to
that of larger, purely 1D-migrating clusters. Note that these
considerations will most likely remain true also using a po-
tential capable of reproducing the relative stability of the
single SIA exactly as predicted by DFT calculations,?!-*
since the key point is the relative stability of the whole clus-
ter and not of the isolated SIA. The range of sizes of the SIA
clusters belonging to class 2 might be different in this case;
however, the existence of a “transition” class characterized
by fairly complicated dynamic behavior during migration
will most likely remain a matter of fact.

The complicated dynamic behavior of the clusters of this
class requires, however, a careful treatment of the data and is
not of easy interpretation. They were observed to glide fairly
often, with a frequency of rotation from (110) to (I111) that
increases with cluster size. In particular, tetra- and penta-
interstitial clusters spent a large part of MD time in the (111)
configuration, which led to effective fast migration through
glide, and this is consistent with the low static energy differ-
ence E¢yy.110)- In the case of the tri-interstitial, however,
E(11y-(110y s fairly large (larger than for di-interstitial); none-
theless, tri-interstitials were seen occasionally to reorient to
the (111) configuration and glide, while di-interstitials were
not. This may be explained taking into account that
Eq1ny-ii0y per SIA for the tri-interstitial is significantly
smaller than for di-interstitial (see Table I), implying that the
reorientation occurs in more than one step, involving one
dumbbell at a time, rather than for the cluster as a whole, as
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confirmed by visual inspection. However, according to our
analysis of the frequency of (110)-to-(111) reorientations, in
the tri- and tetra-interstitial (Fig. 5) the involved activation
energy is even lower than the .10 energy difference

per SIA, suggesting that the vibrational entropy contribution
may be important in determining the stability of the cluster
configuration at finite temperature. This is consistent with the
enhanced 1D character of the migration of tri-interstitial at
high temperature (above 600 K) and suggests that the vibra-
tional entropies for (110) and (111) configurations must be
different.

Finally, we have mentioned that the clusters of this class
appear also to transform into anomalous and totally unex-
pected configurations, for which no simple migration mecha-
nism can be devised, unless they first retransform into a
regular configuration of parallel dumbbells or crowdions.
The energy paths followed by these clusters during their mi-
gration at high temperature are thus complicated and hardly
predictable by sole intuition. These frequent changes of con-
figuration, which promote glide at high temperature and pe-
nalize it at low temperature, are likely to be the reason of the
growth of f, with temperature, in contrast to the behavior of
f. in the case of clusters of class 3.

Thus the complicated dynamic behavior of the clusters of
this class poses problems related to the treatment to be ap-
plied for the assessment of their mobility. With an appropri-
ate choice of 7 and sufficiently long simulation times, en-
suring a globally 3D motion, a diffusion coefficient can be
estimated from MD simulations using the IIM and conse-
quently an effective migration energy can be deduced from
Eq. (2), with n=3, as has been done in the present work.
However, this approach formally implies assigning at the
atomic scale a fully 3D migration mechanism, which does
not give its due to physics. On the other hand, the JLM
cannot be used either if the studied defect involves a strong
contribution from fully 3D migration, as was the case with
tri-interstitial. Finally, the role and the effect on the effective
cluster mobility of the anomalous configurations that appear
occasionally is difficult to assess and may become apparent
only beyond the MD timeframe.

C. Consequences in the prediction of radiation damage
accumulation and annealing

The present study shows that the main consequences of a
higher relative stability of the (110) dumbbell vs the (111)
crowdion are in fact felt only in the case of small SIA clus-
ters, while clusters formed by more than five SIAs behave in
essentially the same way as predicted by earlier potentials.
The latter statement may lead to hastily conclude that the
differences found in this work are details of minor impor-
tance. In fact, this is not the case for at least two reasons.

First, it is well known from MD simulations that SIA
clusters in «-Fe are produced already in displacement
cascades, 222429 4t that most of these SIA clusters will be
in the range of sizes where the difference between older and
present potentials is significant, i.e., classes 1 and 2. The
kinetics of the reactions between defects depends strongly on
their dimensionality of motion: 1D migrating defects exhibit
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smaller cross section of interaction with other defects than
mixed 1D-3D migrating defects and these even smaller than
fully 3D migrating defects.!* Thus the short-term evolution
of cascades, in particular the rate of recombination of SIA
and SIA clusters with vacancies and vacancy clusters, as well
as the rate of formation of larger SIA clusters, will necessar-
ily be different in the case of rapidly 1D migrating clusters
(old picture) than in the case of slower 3D or mixed 1D-3D
migrating clusters (new picture).

Second, a detailed knowledge of the mobility of the single
SIA and of small SIA clusters is essential for a correct inter-
pretation of the low-temperature recovery stages, observed,
e.g., in residual resistivity (RR) measurements*®%* or mag-
netic after-effect (MAE) studies®~"° of isochronally annealed
a-Fe samples, after irradiation at very low temperature. Ac-
cording to standard nomenclature, the recovery takes place in
five stages (a review and detailed bibliography, not only for
iron—to which we shall exclusively refer here—can be
found in Ref. 64). The standard interpretation assigns stages
I and II to migration and subsequent annihilation of single
SIAs and small SIA clusters at immobile vacancies or other
sinks.”’7? Stage 1 (20—150 K) exhibits a fine structure of
low-temperature peaks associated to close pair recombina-
tion, correlated recombination (/) and free migration of the
single SIA (Ip). Stage 1I (150-200 K) is generally resolved
into one or two peaks, which are located at about 160 and
185 K, respectively,*® and according to Ref. 48 are assigned
to detrapping of single SIAs from C impurities and to free
migration of the di-interstitial with an activation energy of
0.43 eV.*72 This value is coincident with the DFT-
calculated one®'3? suggesting that the discrepancy discussed
in Sec. IV A should be settled in favor of the DFT value.
However, in experimental works where the recovery has
been monitored using positron annihilation spectroscopy,’’
the amount of single vacancies during stage II was observed
to be constant, therefore the hypothesis of di-SIA recombi-
nation on vacancies fails. At the same time, the hypothesis of
binding between the SIAs and C atoms contradicts DFT cal-
culations suggesting repulsion rather than attraction.”* More-
over, MAE studies reveal the appearance of recovery peaks
below stage I in heating cycles that follow the annealing at
temperatures above this stage.®~7% These peaks grow at each
re-annealing and re-cooling cycle and there is broad agree-
ment between different researchers about at least three of
them, located at about 50, 80, and 125 K, which always ap-
pear under neutron irradiation®>%"7" and are weakly seen
also after electron irradiation.%”9%70 The associated activa-
tion energies have been deduced to be in the range of, re-
spectively, 0.13-0.17 eV, ~0.25 eV,%7 and
0.29-0.39 eV.”° These activation energies have been associ-
ated with SIA clusters migrating faster than the single SIA,
generally mentioning the di-interstitial as a candidate, or
other more convoluted hypotheses.*>36%70 Incidentally, the
50-K peak energies are similar to the migration energies
found in this work for the tri- and tetra-interstitial, while the
125-K peak could correspond to the di-interstitial in the EP
picture. Thus in itself the agreement of the DFT static calcu-
lation with the supposed migration energy of the di-
interstitial according to one of the possible interpretations of
RR studies is not sufficient to reject the quantitative results
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obtained in the present work, which may explain some of the
observed MAE peaks. However, only careful studies with
adequate models for these recovery stages, based on all the
available information from atomic level investigations, can
provide real indications to accept or refute the different ex-
isting interpretations of experimental data and, the other way
around, to screen between acceptable and nonacceptable
simulation results. In addition, the role of the anomalous
configurations observed in this work on the actual mobility
of SIA clusters beyond the MD time frame may also be non-
negligible and may participate in the interpretation of RR
experiments.

V. CONCLUSIONS

A molecular-dynamics study of SIA and SIA cluster dif-
fusion has been performed using an accurate empirical po-
tential, that gives much higher relative stability to the (110)
dumbbell vs the (111) crowdion than previous potentials for
Fe, as suggested by DFT calculations. The results show that

(i) The applied EP predicts the dynamic migration energy
of the single SIA to be about 0.3 eV, in agreement with
experimental measurements, and the main mechanism of mi-
gration to be the one proposed by Johnson more than
40 years ago, in agreement with DFT calculations. It is the
first time that a molecular dynamics study provides a migra-
tion energy for the single SIA essentially coincident with the
experimental value.

(ii) Three classes of SIA defects can be distinguished,
based not only on the dimensionality of their motion, but
also on the physical migration mechanisms at the atomic
level, namely,

(a) Class 1, composed by single and di-interstitial, char-
acterised by fully 3D motion according to Johnson’s mecha-
nism.

(b) Class 2, composed by clusters formed by three to five
SIAs, characterized by mixed 1D-3D motion and complex
mechanisms of migration, that include the appearance of not
only (110) and (I11) configurations, but also anomalous
ones. In these configurations the dumbbells are not parallel
and migration is suppressed, very differently from the regu-
lar ones, that consist of parallel (110) dumbbells or (111)
crowdions and clearly exhibit the possibility of migrating.

(c) Class 3, composed by all clusters formed by more
than five SIAs, characterized by preferential 1D motion, by
glide along (111) directions, with possible changes of (111)
direction whose frequency, however, is out of reach for MD
studies. Only the clusters of this class behave similarly to
what was predicted also by earlier empirical potentials.

(iii) It is believed that these findings will change the re-
sults of simulations of the early stages of the microstructure
evolution under irradiation, as well as the interpretation of
recovery stages during annealing, as known from resistivity
and magnetic measurements.
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