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A three-dimensional periodic structure is proposed for self-interstitial clusters in body-centered-cubic
metals, as opposed to the conventional two-dimensional loop morphology. The underlying crystal
structure corresponds to the C15 Laves phase. Using density functional theory and interatomic potential
calculations, we demonstrate that in a-iron these C15 aggregates are highly stable and immobile and that
they exhibit large antiferromagnetic moments. They form directly in displacement cascades, and they can
grow by capturing self-interstitials. They thus constitute an important new element to account for when
predicting the microstructural evolution of iron base materials under irradiation.
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Point defect supersaturation occurs in crystals after
quench from a high temperature, during mechanical defor-
mation, or after irradiation by high energy particles [1]. By
thermal migration, these defects can annihilate at sinks
(surfaces, grain boundaries, and dislocations), recombine
with their antidefects, or cluster with other defects [2,3].
Molecular dynamics (MD) simulations indicate that for
irradiation by ions or neutrons a significant fraction of
the defect population created in cascades is produced al-
ready in clusters [4,5]. The morphology adopted by these
defect clusters is a fundamental question with obvious
practical consequences on the materials properties, since
it controls (i) the cluster mobility and hence the kinetics of
the microstructure [6], (ii) the dislocation-obstacle strength
[7,8] and hence the hardening of the materials, and
(iii) dimensional changes like swelling or growth [3].

The morphology of vacancy clusters is fairly well known
and quite diverse. There is a competition between planar
loops and voids, both being experimentally evidenced
[9,10]. In face-centered-cubic (fcc) metals and alloys, va-
cancy clusters also often form stacking fault tetrahedra
having 3D pyramidal structure [11,12]. On the other
hand, the observation of clusters of self-interstitial atoms
(SIAs) in metals by transmission electron microscopy
(TEM) techniques reveals only nanometer-size planar
loops [9,13]. In body-centered-cubic (bcc) metals, these
loops have a 1/2(111) Burgers vector, except in iron at
high temperatures where it is (100) [14,15]. SIA clusters
formed in MD simulations of cascades contain only at most
a few tens of SIAs, and they most often exhibit a morphol-
ogy akin to dislocation loops. However, Bacon et al. ob-
served that in iron 30%—-50% of the clustered population of
SIAs have a different morphology that renders them im-
mobile, in contrast to the highly mobile “glissile” loops
[5,16]. Quantitative insight into low energy structures of
small SIA clusters in iron was gained from density func-
tional theory (DFT) calculations. In agreement with ex-
periments [17], the single SIA is the (110) dumbbell
[18,19]. This is a specificity of Fe, since in other bcc
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transition metals the defect is aligned in, or close to, the
(111) direction, forming a crowdion [20]. Dumbbells can
be packed together in bundles, forming small dislocation
loops. DFT predicts that in Fe the orientation of these
dumbbells changes from (110) to (111) above around five
SIAs [21]. However, other configurations have slightly
lower energies according to DFT: for the di-interstitial, a
triangular configuration with three atoms sharing the same
site, and for the tri-interstitial a hexagonal ring configura-
tion consisting of three nonparallel (110) dumbbells [22].
In this Letter, we show that the 3D morphology observed
for some ‘““sessile” clusters in cascade simulations [5,16]
corresponds to a particular metastable crystal structure,
namely, that of the C15 Laves phase, and that in «-Fe
these clusters have by far the lowest energy for four SIAs
or more according to DFT calculations. Their mobility and
their nucleation and growth mechanisms are investigated.

The starting point of the proposed new family of SIA
clusters is the cagelike di-interstitial represented in
Fig. 1(a). In terms of SIAs and vacancies, this defect
corresponds to 12 SIAs, placed at the edges of a truncated
tetrahedron, surrounded by 10 vacancies, which makes a
total of only two additional atoms in the bcc lattice. One
can recognize that the symmetric structure formed around
the central atom by its 12 + 4 nearest neighbors corre-
sponds to the Z16 Frank-Kasper polyhedron [23].
Another Z16 polyhedron with 6 neighbors in common
can then be constructed by adding 6 SIAs and 4 vacancies.
This makes a tetra-interstitial, 7, [Fig. 1(c)]. The two
polyhedra have different orientations, and they are cen-
tered on two nearest neighbors of the bcc lattice. Other
polyhedra can be added, forming clusters with 6 and 8
SIAs as illustrated in Figs. 1(d) and 1(e). By repeating this
process, 3D clusters having a cubic periodic structure can
be built. This crystallographic structure corresponds to the
C15 Laves phase, or MgCu, structure [Fig. 1(f)] [24]. In
this homoatomic type of C15 structure, interstitials occupy
the Cu sites and half of the original bcc sites are empty
while the others are occupied and correspond to the Mg
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FIG. 1 (color online). Structure of small C15 interstitial clus-
ters in the bec lattice. (a)—(c) Representation by vacancies (blue
cubes) and interstitials (orange spheres) of the di-, tri-, and tetra-
interstitial clusters. For the di-interstitial, the atoms of the bcc
lattice at the center and at the edges of the Z16 Frank-Kasper
polyhedron are also represented (green spheres). (d),(e) Skeleton
representation, i.e., without the vacancies and the cubic lattice
and with the atoms at the center of the Z16 polyhedra in green, of
the hexa- and octa-interstitials. (f) Unit cell of the MgCu, C15
Laves structure, with the Mg atoms in green and the Cu atoms in
orange. For every cluster with 3 SIAs or more, the variant with
the lowest energy found within DFT in Fe is represented.

sites. These SIA clusters will hereafter be denoted 1513,
where n is the net number of SIAs, i.e., the number of
additional atoms in the bcc lattice.

The formation energy of these C15 SIA clusters, relative
to that of other known forms of SIA clusters, was inves-
tigated in all bec transition metals by performing DFT
calculations using the PWSCF code [25]. We employed
the ultrasoft pseudopotential scheme including semicore
states for all metals except Fe, the Perdew-Burke-
Ernzerhof generalized gradient approximation exchange
correlation functional, and a 30 Ry plane wave energy
cutoff. The calculations in Fe are spin polarized. We used
a supercell with 250 + n atoms, where n is the number of
SIAs, a 3 X3 X 3 k-point grid, and a 0.3 eV Hermite
Gaussian broadening. The cell volume was rescaled pro-
portional to the number of atoms. The remarkable result is
that in iron the I$'%, IS'S, and I$'® clusters are found to
have much lower energies than the most stable clusters
formed by parallel dumbbells, respectively, by —1.3,
—3.83, and —4.0 eV as shown in Fig. 2. This exceptional
stability was confirmed by repeating the calculations for
tetra-interstitials using either the projector augmented
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FIG. 2 (color online). Formation energies of the C15 SIA
clusters in bee Fe calculated with respect to the lowest energy
parallel-dumbbell configurations, i.e., with a (110) orientation up
to 4 SIAs and a (111) orientation at larger sizes. The DFT results
are compared to those of three empirical potentials A97 [33],
AMO4 [34], and MO7 [32].

wave method and/or including semicore states. It is also
confirmed and even enhanced within local-density ap-
proximation. The I cluster is higher in energy than the
parallel dumbbells by 0.74 eV and than the triangle by
0.85 eV, but it is still more stable than two isolated (110)
dumbbells by 0.09 eV.

A number of binary and ternary alloys are known to
crystallize in the C15 compact structure, but pure metals
have never been observed in this structure [26]. In the
present DFT calculations, we find that in Fe, bulk C15 in
the ferromagnetic state is only 0.14 eV per atom higher in
energy than the bcc ferromagnetic ground state. This ex-
cess energy is comparable to that of the metastable fcc
structure that is observed, for instance, when thin layers of
Fe are grown on fcc metals like Cu, Pd, or Pt. The C15 SIA
clusters can be seen as coherent ‘“homoprecipitates” of
metastable C15 Fe, locally stabilized by the surrounding
bce Fe matrix. According to DFT calculations, in V, Nb,
Ta, Cr, Mo, and W the bulk C15 structure also has a low
energy, in particular, in group VB metals, but the I§'
cluster is always significantly higher in energy than the
configuration made by four parallel (111) crowdions [27].
The energy difference is typically 2-3 eV, except in Ta
where it is only 0.8 eV (see Table I). This atypical behavior
of Fe with respect to the other bcc transition metals con-
firms the uniqueness of Fe regarding SIA properties [20].
The particular stability of the C15 SIA clusters in Fe can be
related to the fact that they are assemblies of two types of
building blocks that have low energies in Fe: the triangular
di-interstitial and the hexagonal ring tri-interstitial [22]. A
striking feature, that may contribute explaining the specif-
icity of Fe, is the important changes in local magnetic
moments in the C15 SIA clusters with a total antiferro-
magnetic moment with respect to the bulk supercell for
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TABLE I. DFT results for the properties related to the C15
Laves phase in bce transition metals: relative stability between
the bee and C15 structures, AE, = E¢j5 — Egcc in eV/atom,
and formation energy difference between the (111) and C15
morphologies of tetra-interstitials, AE, = E(I{5) — Ef(1§1“>)
in eV.

\'% Nb Ta Cr Mo w Fe

AE, 0113 0.159 0.112 0277 0372 0453 0.142
AEf 3.07 223 0.79 2.40 3.22 1.87 —3.14
I§5, IE15, and IS'S of, respectively, —33, —72, and

—96 5. This strong decrease in magnetic moment is con-
firmed and even enhanced within the local-density ap-
proximation according to calculations performed for 7.
In the present generalized gradient approximation calcu-
lations, the interstitial atoms have a —0.7 wg antiferromag-
netic moment, compared to +2.3up for bulk bcc atoms.
The modulus of the magnetic moments of the surrounding
atoms is also reduced to 1.9 g [28]. The energy is always
found to be lower when the atoms at the center of the Z16
cages are ferromagnetic with respect to the bcc matrix,
except for 115 (and I{'3; see below) where it is antiferro-
magnetic, with a magnetic moment as low as —2.4 up [28].

The unprecedented stability of I$'%, IS'S, and I$'°
within DFT in bcc Fe makes the C15 configurations very
good candidates for the lowest energy structures of small
SIA clusters. Further evidence is brought by a systematic
exploration of the energy landscape of SIA clusters, using
the activation relaxation technique nouveau (ARTn)
[29-31] and an embedded-atom method potential for Fe,
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FIG. 3 (color online).

denoted MO7 [32]. This potential was fitted to a large
database of DFT defect formation energies, and it was
chosen here because it reproduces very well the DFT
features of C15 interstitial clusters, at variance with other
reference potentials for Fe [33,34], as illustrated in Fig. 2.
The low energy part of the energy landscape obtained for
the tetra-interstitial from the 10° lowest energy minima
found by ARTn is represented in Fig. 3(a) by using the
disconnectivity graph method [35-37]. The C15 structure
is confirmed to be by far the lowest energy structure, i.e.,
by more than 1.5 eV. The lowest energy barrier to escape
from this deep minimum is 1.9 eV. Moreover, no low
energy direct path between two adjacent positions of C15
clusters was found. It follows that the IS cluster is
expected to be highly immobile. MD simulations per-
formed at 300-600 K confirm that the I$' aggregate
does not migrate at all over times as large as 1 us. In the
lower part of the disconnectivity graph, two distinct super-
basins are observed. They correspond, respectively, to the
parallel dumbbells and C15 structures [see Fig. 3(a)].
When the system is quenched from high energy and/or
high temperature, e.g., in a cascade, it can fall into one of
these two superbasins, but once it is in the parallel-
dumbbell configuration, the energy barrier to transform
to the C15 structure is 0.94 eV. This transformation is
therefore highly infrequent, except at very high tempera-
tures, and this suggests that the two types of morphologies
should coexist.

One may wonder whether these highly stable and im-
mobile defect clusters can actually form under or after
irradiation and whether they can grow by capturing other
SIA defects. These two questions have been addressed by
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Energy landscape of tetra-interstitial clusters obtained by using the ARTn method and the MO7 potential for

Fe. (a) Disconnectivity graph representation; the main superbasins include the structures related, respectively, to the parallel-dumbbell
configuration (in pink) and the C15 configuration (in orange); the ring configuration as part of the C15 basin is shown in blue.
(b) Growth mechanism of C15 interstitial clusters in iron illustrated by the formation of a I$' cluster from the capture of a migrating
(110) dumbbell by a I{13; the reaction pathway between local minima was determined by using the nudged elastic band method. The
arrows indicate the displacements of atoms for the transformation to the next local minimum configuration.

025501-3



PRL 108, 025501 (2012)

PHYSICAL REVIEW LETTERS

week ending
13 JANUARY 2012

using MD, ARTn, and the MO7 potential. To mimic the
primary state of damage under ion or neutron irradiation,
we have performed a series of 100 cascade simulations
with a kinetic energy of 20 keV for the primary knock-on
atom and various initial orientations at temperatures rang-
ing from 300 to 900 K [38]. About half of the SIAs are
clustered. Analyzing the structure of these clusters, we
found that about 5% of them are of the C15 type, either
perfect or with some defects in it. The I$'° di-interstitial is
sometimes formed, but most of the observed C15-type
clusters are larger, with up to 12 SIAs. In these clusters
(110) dumbbells, triangular, or hexagonal ring units are
frequently attached to Z16 polyhedra. These results are
consistent with previous cascade simulations performed
with a different interatomic potential, where a structure
corresponding to the I3 cluster was observed [5] as well
as larger clusters that can be identified to have a C15
structure [16].

Once formed during cascades, though in small amount,
these clusters can grow by capturing mobile SIA defects.
We indeed identified low energy pathways for the forma-
tion of I€13 from the reaction between I$'> clusters and
mobile (110) dumbbells. So far, we have described only
closed shell structures, like that of IS5, I15, and IS1
displayed in Fig. 1, i.e., structures formed only by perfect
Z16 polyhedra. At small sizes, i.e., up to n = 10, these
clusters contain an even number of SIAs, but this is not a
general rule, since, for instance, I5° is also a closed shell
structure for geometrical reasons. Low energy structures
can also be formed by attaching a (110) dumbbell to these
clusters. For instance, the lowest energy structure found by
ARTh for the tri-interstitial with the MO7 potential is a /$'3
cluster with a (110) dumbbell attached to it [see Fig. 1(b)].
No lower energy structure was found within DFT (see
Fig. 2). The situation is similar for IS, IS5, and I§'5 as
well as for 15)°. We will therefore describe two types or
reactions: the formation of a C15 structure with a dangling
(110) dumbbell starting from a perfect closed shell struc-
ture and an isolated (110) dumbbell and the formation of a
closed shell structure. The first type of reaction is rather
straightforward, and we have indeed checked, in the case
of the reaction I§'% + [(1% — [$15 that there is at least
one reaction pathway with an activation barrier not higher
than that of the migration of the free (110) dumbbell, i.e.,
0.3 eV. By analyzing the results of the ARTn simulation, a
more complex but also low energy reaction pathway could
be found for the reaction I + 1110 — [$15 a5 an illus-
tration of the second type of reaction. It can be seen in
Fig. 3(b) that again no barrier is higher than the first one
that corresponds to the free migration of the (110) dumb-
bell. Similar reaction pathways are expected for larger
clusters for both types of reactions.

According to the empirical potential calculations,
the formation energy of IS5 clusters relative to that of
(111) loops continues decreasing until n = 11; it is then

approximately the same until about n = 15 (see Fig. 2).
Further investigations are required to see how further
growth is altered by other effects like strain or bce-C15
interface lattice mismatch. At large sizes the loop mor-
phology is expected to have a lower energy, but once the
cluster starts growing in the three-dimensional C15 mor-
phology, it cannot easily convert into the two-dimensional
loop shape.

In the absence of cascades, e.g., under electron irradia-
tion, the nucleation process of these C15 SIA clusters is less
clear. From our ARTn simulations a direct transformation to
C15 from either the triangular di-interstitial or the parallel-
dumbbell tetra-interstitial can be excluded, since the acti-
vation barriers are as high as 1.5 and 1 eV, respectively.

We have presented computer simulation evidence for the
existence of three-dimensional SIA clusters with C15-type
structure in bce Fe. These clusters are predicted to have
very low formation energies and to be highly immobile.
They are shown to form in cascades. While they amount
only to a few percent of the total number of SIA clusters
produced in the primary state of damage, these clusters can
grow by capturing mobile (110) dumbbells. Moreover, they
will not annihilate at sinks as they cannot migrate. They are
still likely to represent only a small fraction of the defect
clusters and this may explain why they have not been
identified in TEM observations so far. Their large antifer-
romagnetic moments may also provide a way to detect
them [39]. Despite their low concentration, these clusters
are expected to play a crucial role in the behavior of iron
and ferritic steels under irradiation. These clusters may
indeed first contribute to the hardening tendency observed
in iron at low irradiation doses [40]. They are also very
good candidates for the fraction of the SIA clusters that
need to be assumed to be immobile in kinetic simulations
of defect evolution in order to account for experimental
observations [6]. Irradiation-induced phase transforma-
tions, i.e., transformations that drive the system to a state
that is distinct from its thermal equilibrium configuration,
are a well known phenomenon in alloys and compounds
[41]. The transformation of graphite to diamond is an
example in pure systems [42]. The formation of C15 nano-
crystallites proposed here can be seen as a local irradiation-
induced phase transformation from bce to C15 in pure iron.
Similarly, refractory metals were shown to form a meta-
stable A15 phase when solidified from undercooled liquids,
i.e., under other nonequilibrium conditions [43].
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and B. Legrand for suggestions and critical reading of the
manuscript. M.-C. M. acknowledges insightful discussions
with D.J. Wales on disconnectivity graphs. This work was
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European Community’s Seventh Framework Program
under Grant No. 232612. The calculations were performed
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