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The migration mechanisms and the corresponding activation energies of Cr-vacancy �Cr-V� clusters and Cr
interstitials in �-Fe have been investigated using the dimer and the nudged elastic-band methods. Dimer
searches are employed to find the possible transition states of these defects and the lowest-energy paths are
used to determine the energy barriers for migration. A substitutional Cr atom can migrate to a nearest-neighbor
vacancy through an energy barrier of 0.56 eV but this simple mechanism alone is unlikely to lead to the
long-distance migration of Cr unless there is a supersaturated concentration of vacancies in the system. The
Cr-vacancy clusters can lead to long-distance migration of a Cr atom that is accomplished by Fe and Cr atoms
successively jumping to nearest-neighbor vacancy positions, defined as a self-vacancy-assisted migration
mechanism, with the migration energies ranging from 0.64 to 0.89 eV. In addition, a mixed Cr-Fe dumbbell
interstitial can easily migrate through Fe lattices, with the migration energy barrier of 0.17, which is lower than
that of the Fe-Fe interstitial. The on-site rotation of the Cr-Fe interstitial and Cr atom hopping from one site to
another are believed to comprise the dominant migration mechanism. The calculated binding energies of Cr-V
clusters are strongly dependent on the size of clusters and the concentration of Cr atoms in clusters.
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I. INTRODUCTION

Point defects and impurities significantly influence the
structural and electronic properties of metals and ceramics
under irradiation.1–5 Knowledge of the interactions of micro-
structures with point defects, such as vacancies and intersti-
tials, is important for developing an understanding of the
kinetics and dynamics of microstructural changes in materi-
als under radiation damage conditions. Displacement cas-
cades introduced in the presence of a high concentration of
solute atoms such as Cr or Cu atoms in �-Fe can greatly
affect the mechanical properties of the materials.6–9 In Fe-Cr
alloys Cr atoms play an important role in radiation-induced
evolution of mechanical properties. A concentration of
2–18 % Cr reduces swelling compared to pure Fe10–12 and a
minimum in ductile to brittle transition temperatures appears
at about 9% Cr concentration.13 Alloys containing more than
10% Cr exhibit �-�� phase separation resulting in the forma-
tion of the Cr-rich �� phase that is a major cause of harden-
ing of thermally annealed materials,14,15 indicating the com-
plicated dependence of mechanical properties on Cr
concentration. Consequently, interaction of Cr with point de-
fects and the migration mechanism of Cr atoms in Fe-Cr
alloys have been studied using ab initio calculations16–18 and
molecular-dynamics �MD� methods.19 These studies revealed
that the mixed Cr-Fe dumbbell interstitial can migrate either
via a translation or an on-site rotation process so that the Cr
atom remains in the defect, or by weakly dissociating the Fe
dumbbell atom from the Cr atom, resulting in a substitutional
Cr. Also, it is very likely that the mixed Cr-Fe interstitial can
be easily trapped and recombines with a nearby vacancy dur-
ing migration, forming a substitutional Cr and inhibiting its
long-distance migration as an interstitial. However, a substi-
tutional Cr atom can also migrate via a vacancy-diffusion
mechanism. Indeed, substitutional chromium atoms in bcc Fe

have a lower barrier for vacancy-assisted migration than Fe
atoms, having a migration energy that is about 0.54 eV lower
than the matrix atoms.18 A supersaturated concentration of
vacancies in the system may lead to the long-distance migra-
tion of substitutional Cr. Based on this mechanism, the time
evolution of vacancy-driven thermal aging was studied using
kinetic Monte Carlo techniques19 and the results showed that
initially random Fe-Cr alloys can decomposed into the ��
phase. Although these studies provide important information
in the formation of Cr defects, the interactions of Cr atoms
with point defects and the possible migration mechanisms of
Cr atoms in Fe, particularly in the form of Cr-vacancy �Cr-V�
clusters, are largely unknown. Thus, computer simulations
have been performed to gain insights into the long-distance
migration behavior of Cr-vacancy clusters and interstitials in
Fe.

The dimer and the nudged elastic band �NEB� methods
have been widely used to search for minimum-energy paths
�MEPs� of migration of defects and defect clusters in mate-
rials. For a given initial and final state of a transition, the
minimum-energy path is easily determined using the NEB
method. However, there is a very challenging problem how
to find the MEP for the transition, if the final state or the
mechanism of transition is unknown. Compared to the NEB
method, the dimer technique is an especially useful tool for
clusters where the lowest-energy final state of its transition is
not easily predictable. For example, Gao et al.20 used the
dimer method to search for possible transition states of inter-
stitials and interstitial clusters in SiC and �-Fe, addressing
the important issue whether or not a migrating interstitials
can thermally change migration directions. The dimer
method was also employed to study an isolated vacancy, a
P-vacancy complex and a P-interstitial defect in Fe and Fe-P
systems,21 as well as revealing that in dilute Fe-P alloys an
Fe-P dumbbell is the most mobile defect in Fe-P systems and
a P-vacancy complex the least mobile.22 The dimer method
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has also been an indispensible tool for studying the migration
of He atoms near and within dislocations and grain bound-
aries in Fe.23

Here, we have employed the dimer method, along with
the NEB technique, to search for possible transition states
and migration paths of substitutional Cr-V pairs, Cr-V clus-
ters, and Cr-Fe mixed interstitial complexes. In addition, the
formation energies and binding energies of Cr-V clusters are
determined and compared with those obtained by ab initio
calculations and empirical interatomic potentials. It is of in-
terest to see that some of the Cr-V clusters are mobile and
that their mobilities are strongly enhanced by the presence of
additional vacancies. Moreover, these Cr-vacancy clusters
can undergo self-long-distance migration without further va-
cancy assistance, a mechanism that is different from a Cr
substitutional atom. The migration energy of a Cr-Fe�110�
dumbbell interstitial is lower than that of an Fe self-
interstitial in �-Fe.

II. COMPUTATIONAL METHOD

The physical properties of point defects, defect clusters,
and impurities in Fe have been extensively studied using
molecular-dynamics and Monte Carlo methods with empiri-
cal interatomic potentials.24–29 In general, the numerical val-
ues of the results depend on the potentials used in the
calculations,30 but for the most part, the relative energies of
defect formation and migration are similar, so roughly the
same behavior is predicted. In the present study, the pair
interaction and the many-body form for Fe were taken from
the work of Ackland and Mendelev31 that provides reason-
able descriptions of point defects in comparison to results
obtained by performing ab initio calculations. This potential
has been widely used to simulate cascade damage,32 helium-
defect properties, and clustering33 and defect evolution in
Fe.34 The interactions between Fe and Cr atoms, as well as
the Cr-Cr potential, are described using a two-band second-
moment model derived by Olsson et al.19 The Cr-Cr potential
is fitted to the cohesive energy, mixing enthalpy, vacancy-
formation energy, and interstitial formation energy, whereas
the potential for the Fe-Cr interaction is fitted to the lattice
parameter of Fe-10Cr, a positive heat of mixing for equimo-
lar composition, the negatively substitutional energy of a
single Cr atom in bcc Fe, the crossing point from negative to
positive mixing enthalpy and the binding energy of a �110�
mixed Cr-Fe dumbbell. These potentials are used to deter-
mine the values of the thermodynamic properties of the
Fe-Cr system over the whole range of Cr concentration and
to calculate point defect properties in Fe-Cr. Furthermore,
these potentials have been employed to simulate displace-
ment cascades in Fe-Cr,35 and have been proven to provide a
reasonably good description of the interaction between Cr
atoms and point defects in a ferritic matrix. Thus, these po-
tentials should be reliable in the study of migration behaviors
and to determine activation energies of Cr-V clusters and
Cr-Fe interstitials in Fe.

In this paper, the computational cell consisted of 10a0
�10a0�10a0 unit cells, containing 2000 atoms. Three-
dimensional periodic boundary conditions were applied and

calculations were carried out at constant volume. The pos-
sible transition states and migration paths of the Cr-V clus-
ters and mixed �110� interstitials were investigated by the
dimer method36 and the NEB method,37 respectively. The
dimer method has been described in detail elsewhere36 so
only the central principles are provided here. The dimer
method is effective in finding the energies and atom configu-
rations of the saddle points when only the initial state is
known, which is different from the nudged elastic-band
method where initial and final states need to be known be-
fore calculating the transition-energy barrier. The saddle-
point search is completed through moving the dimer on the
potential-energy surface, from the vicinity of the potential-
energy minimum of the initial state up to a saddle point. The
potential surface of interest is the 3N-dimensional surface of
all possible configurations of the N atoms in the system.
Basins of this surface are stable states while saddle points
correspond to the lowest-energy transition points between
states, from which the minimum-energy barrier for a transi-
tion to take place can be determined. Thus, during the search,
each time the dimer is displaced, it is also rotated in order to
find the minimum-energy configuration. The dimer separa-
tion was set at 1�10−3 Å, and the values of the finite dif-
ference steps for rotation and translation were 10−4 and
10−3 Å, respectively. The maximum move distance was set
at 0.2 Å and the search was stopped when the maximum
force of atoms became less than 0.01 eV /Å. For each initial
configuration, we carried out 100 dimer searches with differ-
ent initial random vectors that have nonzero components
only for a 20–30 atom subset of the system near the defect,
which allows the system to be displaced from a distribution
of nearly equal potential-energy minima in the initial basin.

III. RESULTS AND DISCUSSION

A. Formation and binding properties of Cr-V clusters

The formation energy of a configuration containing n Fe
atoms and p Cr atoms is given following the definition in the
Refs. 18 and 38, and is given by

Ef
nFe+pCr = Et

nFe+pCr − nEc
Fe − pEc

Cr. �1�

Here, Et
nFe+pCr is the total energy of the system containing all

the defects while Ec
Cr and Ec

Fe are the cohesive energy of pure
bcc Fe and Cr, respectively. The cohesive energy is obtained
from the energy of perfect bcc Fe and Cr crystals. With the
potentials described above, the calculated cohesive energies
are 4.01 and 3.84 eV for bcc Fe and Cr, respectively, which
is in excellent agreement with the results obtained in Ref. 19,
which used the same potentials.

The total binding energy of a defect cluster with n defects
can be directly calculated from its formation energy and is
defined as the energy difference between the system where
all the defects interact and the system where all the defects
are far away from each other without any interaction. Thus,
the total binding energy for a cluster containing n defects is
calculated as
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Eb
d1,d2,. . .,dn = �

i=1

n

Ef
di − Ef

d1,d2,. . .,dn, �2�

where Ef
di is the formation energy of the system containing

defect di only and Ef
d1,d2,. . .,dn is the formation energy of a

defect cluster with n interacting defects.
In the present study of defect migration, several Cr-V

clusters and a mixed Cr-Fe interstitial are considered, and
first we evaluate their formation and binding energies. The
formation energies and binding energies of various defects
and defect clusters are listed in Table I, along with the values
obtained from ab initio and empirical potential �EP� calcula-
tions for comparison. The binding energy of a Cr-V pair is
small, about −0.03 eV in the first nearest-neighbor �nn� po-
sition, and it vanishes at larger separations. The present cal-
culations obtain negative binding energy of a Cr-V cluster, in
contrast to the ab initio calculations,18 which is mainly due
to the lower formation energy of a Cr substitutional atom
�−0.287 eV� compared to that obtained by ab initio calcula-
tion �−0.12 eV�. However, the difference between the
present result and all the previous calculations is very small,
and does not affect the general migration behavior or energy
barrier of a Cr-V cluster �see details below�. The cluster
binding energy increases as the number of vacancies in the
cluster increases but it decreases as the number of Cr atoms
increases. This suggests that adding vacancies to the small
cluster can stabilize the Cr atoms in the cluster and that add-
ing Cr atoms in the cluster leads to the screening of Cr atoms
from each other. The formation energy of a Cr-Fe�110� in-
terstitial is calculated to be 3.07 eV, which is smaller than the
value of 3.83 eV obtained by ab initio calculation.18

B. Migration of a Cr-V pair

Both ab initio18 and molecular dynamics19 calculations
revealed that a Cr substitutional atom can diffuse via the
vacancy-assisted migration mechanism by directly jumping
to the first nearest-neighbor vacancy with a migration barrier
of 0.54 eV. From these calculations, it is not clear if a Cr

substitutional atom can directly jump to the second and third
nearest-neighbor vacancies and how it affects the migration
behavior of a nearby Fe atom. In order to get an insight into
these detailed migration behaviors, we consider a Cr-V pair
containing a single vacancy and one substitutional Cr atom
but with different separation distance, i.e., the Cr substitu-
tional atom at the first nearest-neighbor position �1nn� of the
vacancy �a and b in Fig. 1�, the Cr substitutional atom at the
second nearest-neighbor position �2nn� �c and d in Fig. 1�
and at the third nearest-neighbor position �3nn� �e in Fig. 1�.

Possible migration paths and saddle points are determined
by running 100 dimer searches on each initial configuration
of a substitutional Cr-vacancy pair. Figure 1 shows the pos-
sible migration paths for a Cr-vacancy pair with different
initial configurations as discussed above. For example, of the
100 dimer searches for the Cr-V pair in the 1nn configura-
tion, 22 searches converge to saddle points with 0.56 eV. 35
searches converge to other saddle points with 0.66 eV and
two searches fail to find saddle points. For the Cr-V pair in
the 1nn configuration, the most frequently observed migra-
tion mechanism �see Fig. 1�a�� is the Cr atom jumping into
the vacancy position �Fig. 1�a��, with the energy of 0.56 eV,
which corresponds to the position exchange of the Cr atom
and the vacancy. Another mechanism �see Fig. 1�b�� is
achieved by a nearby Fe atom jumping to the vacant site,
creating a 2nn Cr-V pair. This transition has a higher energy
barrier of 0.66 eV. The migration energy barrier for an Fe
atom hopping to the nearby vacant site of the Cr atom is
comparable to the energy barrier of an Fe hopping in pure
Fe, which demonstrates that the effect with the presence of a
substitutional Cr on the migration of Fe is rather small. For a
Cr-V pair in the 2nn configuration, Fe atoms are at all of the
eight first nearest-neighbor positions to the vacancy and the
Cr substitutional atom is a second nearest neighbor to the
vacancy. The energy barrier for the Cr atom to jump directly
to the vacancy position �see Fig. 1�c�� is 2.0 eV, which is
1.44 eV higher than that for the Cr-V�1nn� pair transition. As
a consequence, it is unfavorable for the Cr atom to directly
jump the second nearest-neighbor vacant site. In this case,
the nearby Fe atoms can more easily jump to the vacancy

TABLE I. The formation energy, binding energy, and migration energy �eV� for Cr-V clusters and Cr-Fe interstitial in �-Fe.

Configuration
Cr-V
�1nn�

Cr-V
�2nn�

Cr-V
�3nn�

Cr-2V
�3nn�

Cr-2V
�2nn�

Cr-3V
�case I�

Cr-3V
�case II� 2Cr-V

Fe-Cr
�110�

Formation energy �eV� 1.47 1.52 1.43 3.27 2.97 4.52 4.52 1.42 3.12

1.98a 2.02a 3.83a

Binding energy �eV� −0.03 −0.08 0.005 −0.11 0.18 0.36 0.36 −0.27 0.12

0.057a, 0.082b 0.014a 0.12b

�PAW� �PAW�
0.01b �USPP� 0.14c

0.035b �EP� �EP�
Migration energy �eV� 0.56 0.63 0.61 0.67 0.67 0.86 0.89 0.64 0.17

0.54a,0.52d 0.71a,0.65d

aReference 18.
bReference 6.
cReference 38.
dReference 19.
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position, as shown in Fig. 1�d�, overcoming an energy barrier
of only 0.63 eV, which is similar to that for the Cr-V�1nn�
pair. Also, for a Cr-V pair in the 3nn configuration the Cr
atom directly jumping to the vacancy requires about 2.7 eV,
which is more than 2.0 eV higher than that for the Cr-V�1nn�
pair. However, as in the case of the Cr-V�2nn� pair, the
nearby Fe atoms can jump to the vacancy, and transport the
vacancy to create a Cr-V�1nn� pair. The energy barrier for
this process obtained from the dimer search is only 0.61 eV,
slightly smaller than that for Fe migration. It is of interest to
note that the substitutional Cr in �-Fe does not have a sig-
nificant effect on the migration of Fe atoms at low concen-
tration of Cr. However, it should be pointed out that the
long-distance migration of a substitutional Cr atom in Fe
requires that Fe transport vacancies to create Cr-V�1nn�
pairs, which may require a high concentration of vacancies.
It is unlikely that this is a dominant transport mechanism for
Cr under normal irradiation conditions in �-Fe.

Once the saddle points for the transitions involved in de-
fect migration are determined, it is possible to trace out the
minimum-energy paths using the method described
elsewhere.35 The various energy paths that correspond to the
migration processes in Fig. 1 are shown in Fig. 2, where the
dash-dotted lines indicate the migration energy barriers of
the Cr-V�1nn� pair calculated in Ref. 19. It is obvious that
the energy curves of self-diffusion are not symmetric but are
lightly distorted, which is affected by the nearby Cr atom.
The energy difference between the initial state and final state
in Fig. 1�b� is about of 0.03 eV. Note that the saddle point for
the Fe atom jump is not at the middle point of the migration
path, which is similar to that observed in pure Fe. The
middle point of the migration path is a metastable state, at
which the energy is 0.57 eV. Overall, the Cr atom overcomes

an energy barrier of 0.56 eV, whereas an Fe atom in the same
position requires 0.61–0.66 eV for hopping over the energy
barriers for a similar transition. The migration energies cal-
culated for the Cr atom in the Cr-V�1nn� pair are in good
agreement with the corresponding values of 0.54 and 0.52
eV obtained by ab initio methods18 and empirical potential
calculations,19 respectively.

C. Cr-vacancy clusters

As described above, it is unlikely that a Cr-V pair can lead
to long-distance migration of a substitutional Cr. In order to

FIG. 1. �Color online� The migration mechanism of a single vacancy and a substitutional Cr atom in a single bcc unit cell. The dashed
circle presents the vacancy position at 1nn, 2nn, and 3nn sites. The red and light purple spheres represent the Fe atoms and Cr atoms,
respectively. The arrow indicates the migration movement at the next step.

FIG. 2. �Color online� The migration paths of a Cr-V pair, where
the reference state is the Cr-V pair at 1nn position. These paths
from �a� to �e� correspond to the migration processes shown in Fig.
1. The migration energies calculated in Ref. 19 for Fe and a single
Cr atom are given by a red and blue dash-dotted line, respectively.
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explore the migration behavior of substitutional Cr, the mi-
gration mechanisms of various Cr-V clusters in �-Fe were
investigated using the dimer method. The results predict dif-
ferent migration mechanisms than those previously observed
in a Cr-V pair and most Cr-V clusters can directly migrate as
an object without involving extra vacancies. The first cluster
studied is a 2Cr-V cluster that consists of two substitutional
Cr atoms and one vacancy nearby. The first atomic configu-
ration in Fig. 3 shows the initial state and 100 dimer searches
were carried out to determine the minimum-energy path. The
final state of the minimum-energy path is used as the initial
atomic configuration for subsequent dimer searches and this
process is repeated until a net migration of the cluster is
observed. There are ten steps needed to complete a net mi-
gration process of the 2Cr-V cluster and the corresponding
processes are shown in Fig. 3. Initially, one of the Cr substi-
tutional atoms jumps to the vacant site with an energy barrier
of 0.48 eV. In this case, the Cr atom exchanges with the
vacancy, following which the other Cr atom moves to the
new vacancy site, again overcoming the barrier of 0.48 eV.
To complete the net migration process, the 2Cr-V cluster

needs successive hopping of Fe atoms or substitutional Cr to
and from the vacancy. One of the most important features in
Fig. 3 is that the 2Cr-V cluster can make a net migration
without extra vacancy assistance, which leads to its long-
distance migration in the crystal. The migration mechanism
is different from the vacancy-assisted migration mechanism
observed in the Cr-V pair and it may be defined as a “self-
vacancy-assisted” migration mechanism of the cluster. The
minimum-energy paths resulting from the migration pro-
cesses of the 2Cr-V cluster are shown in Fig. 4, where dif-
ferent peaks correspond to the jumps described in Fig. 3. The
Cr can directly jump to the vacancy site, whereas the Fe
atom needs to pass through a metastable configuration at the
middle of the path. The path of Fe jumping is slightly dis-
torted when the Cr is located at the nearest-neighbor distance
but it is nearly symmetrical when the Cr is at the second
nearest-neighbor site, which suggests that the Cr affect on Fe
migration is negligible. Overall, the 2Cr-V cluster needs to
overcome an energy barrier of 0.64 eV for its net migration.
This energy barrier is similar to that calculated for a Cr-V
pair and it may represent one of the preferable mechanisms
for the transport of Cr during thermal aging or under irradia-
tion in Fe. However, it should be noted that the binding
energy for this cluster is negative, which indicates that this
cluster can easily dissociate. The dissociation energy of a
vacancy from the 2Cr-V cluster is determined to be 0.66 eV,
which equals to the energy barrier for a vacancy to migrate
in Fe, but the dissociation energy of a Cr atom the cluster
requires much higher energy �i.e., the Cr becomes an inter-
stitial�. These results suggest that the net migration energy
�0.64 eV� of this cluster is slightly smaller than the dissocia-
tion energy �0.66 eV�. Thus, this cluster can lead to a long-
distance migration without involving extra vacancies.

To further understand the self-vacancy-assisted migration
mechanism of the cluster, we have also considered the mi-
gration processes of several Cr-V clusters consisting of a
single substitutional Cr and two or three vacancies. For a
Cr-2V, where two vacancies are in the 2nn position, it takes
nine steps to complete a net migration and the corresponding
migration processes are shown in Fig. 5. It is clear that the

FIG. 3. �Color online� The multistep migration process of a
2Cr-V cluster consisting of two Cr substitutional atoms �blue at-
oms� and one vacancy �the red dashed circles�. In each frame the
black arrows indicate the primary atom displacements that result in
the atomic arrangement in the next frame.

FIG. 4. The migration energy paths of a 2Cr-V cluster, where
different paths correspond to the migration processes in Fig. 3,
respectively.
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successive hopping of Fe and Cr atoms to the nearby va-
cancy sites is still a dominant migration mechanism. How-
ever, the energy barrier for the Cr and Fe to jump to the
vacancy sites in the Cr-2V �2nn� cluster is about 0.02 and
0.05 eV higher than those obtained in the Cr-V �1nn� pair,
respectively. The different formation energies of various
atomic configurations in the migration process may be attrib-
uted to the observed differences of energy barriers. Figure 6
illustrates the minimum migration paths determined from
successive dimer searches for the migrating Cr-2V �2nn�
cluster. The highest energy barrier in the net migration pro-
cess �see c→d in Figs. 5 and 6� corresponds to the atomic
configuration where two 2nn vacancies become 1nn vacan-
cies by the hop of an Fe atom. The atomic configuration, Fig.
5�g�, has the largest formation energy of 3.24 eV, as com-

pared to 2.94 eV in the initial state �Fig. 5�a��. As a result of
large differences in formation energies of different configu-
rations as well as different saddle points from different
states, the Cr-2V �2nn� cluster needs to overcome the energy
barrier of 0.67 eV from c→d for a net migration, as shown
in Fig. 6. This migration mechanism is similar to that ob-
served for the 2Cr-V cluster, i.e., a self-vacancy-assisted mi-
gration mechanism. Thus, the Cr-2V cluster can undergo
long-distance migration by itself, a similar feature observed
in a 2Cr-V cluster but with a slightly higher migration en-
ergy. However, it should be noted that the binding energy of
the Cr-2V cluster is negative �−0.11 eV� when the two va-
cancies are in the third neighbor positions, as shown in Table
I. In the migration process, it has appeared that the two va-
cancies are in the third neighbor position, as seen in Fig.
5�g�, and the jump of the vacancies from this position leads
the further separation of the two vacancies, as seen in Fig.
5�h�. One of the vacancies in Fig. 5�h� can jump away from
the cluster but the corresponding energy barrier is found to
be 0.65 eV, about 0.28 eV higher than that for the vacancy to
jump close to the Cr atom, as shown Fig. 5�i�. It is likely that
this Cr-2V cluster will be dissociated only at high tempera-
tures.

We have also studied a net migration process of a Cr-2V
cluster where the two vacancies are initially located as third
nearest-neighbor distance. Similar to the migration of the
Cr-2V�2nn�, the Cr atom and Fe atoms successively jump to
vacancy sites, leading to its net migration, and the corre-
sponding migration behavior results in a similar, self-
vacancy-assisted migration. However, the Cr-2V�3nn� cluster
migration is somewhat less energetically favorable since it is
0.03 eV higher than the Cr-2V�2nn� cluster. This transition is
not shown in the figures. The result shows that Cr-2V�3nn�
cluster tends to form Cr-2V�2nn� cluster with an energy bar-
rier of 0.61 eV. In this case, it only takes a single Fe jump to
the nearest-neighbor site to complete the configuration trans-
formation. The overall migration energy barrier of the Cr-
2V�3nn� cluster is dominated by that of the Cr-2V�2nn�, i.e.,
0.67 eV.

Figures 7 and 8 demonstrate two net migration processes
of a Cr-3V cluster with the same initial configuration, one
with an Fe hop first �case I� and another with a Cr hop first
�case II�, respectively. The corresponding minimum-energy
paths for these two clusters are shown in Figs. 9 and 10. For
the case I, the initial state is not the lowest-energy configu-
ration, and the lowest-energy state is shown in Fig. 7�e�,
where one of the vacancies jumps to the second nearest-
neighbor position of the Cr atom with a formation energy of
4.34 eV. The jump to the next atomic configuration �shown
in Fig. 7�f�� requires 0.86 eV, which is the rate limiting step.
For the case II, the highest energy state corresponds to the
atomic configuration in Fig. 8�f� and the migration energy
barrier for this cluster is determined by the jump from the
second highest state �Fig. 8�e��, which is also rate limiting.
The migration energy barrier is calculated to be 0.89 eV,
which is slightly higher than the energy barrier for the case I.
The second highest energy configuration for the case II has a
formation energy of 4.83 eV, which is 0.34 eV higher than
that of the initial configuration.

From the atomic configurations of the various Cr-V clus-
ters, it is clear that the net migration energy for a cluster

FIG. 5. �Color online� The migration processes of a Cr-2V �2nn�
cluster containing one substitutional Cr and two vacancies, where
two vacancies are at 2nn positions.

FIG. 6. The migration paths of a Cr-2V �2nn� cluster, where
different paths correspond to the migration processes in Fig. 5, re-
spectively. The most stable configuration is shown in Fig. 5�a� with
a formation energy of 2.94 eV.
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requires that either a Cr or Fe atom jumps to the vacancies in
the cluster. Considering that Cr atom has small effect on Fe
jumping to nearby vacancies, it is unlikely that a Cr-3V clus-
ter can lead to its long-distance migration in Fe because the
migration energy is about 0.25 eV higher than the energy
barrier of Fe migration �0.63–0.66 eV�. In this case, succes-
sive jumps of Fe through vacancies in the cluster can result
in the Cr dissociation from the cluster. We have checked the
dissociation of the Cr atom from the Cr-3V cluster using the
dimer searches and the corresponding energy barrier for this
process is about 0.64 eV, which is comparable with that of Fe
migration. However, the energy barrier for net migration for
Cr-2V or 2Cr-V clusters ranges from 0.64 to 0.67 eV, which
is similar to that of Fe migration, and thus, these clusters can
lead to their long-distance migration, transporting Cr atoms
to other microstructural features. However, it is possible that
the Cr atom in these clusters can dissociate from the clusters
with similar energy barrier and therefore the competition be-
tween Cr dissociation and cluster migration represents a dy-
namics process of Cr transport in Fe.

D. Mixed Š110‹ interstitials

Both theoretical simulations and experiments predict that
the most stable Cr interstitial configuration is the mixed
�110� interstitial with an Fe and a Cr atom sharing one lattice
site.18,39–41 Thus, the Cr-Fe�110� dumbbell is used as an ini-
tial configuration to study interstitial Cr migration. Initially,
MD method was used to simulate the diffusion of the

Cr-Fe�110� interstitial at 600 K and several atomic configu-
rations along the net migration path were quenched to 0 K.
Then, the NEB method was used to calculate migration en-
ergy barriers. Figure 11 illustrates the migration process of
the mixed Cr-Fe�110� interstitial, from which it can be seen
that several jumps are required to complete a net migration.
The Cr atom first changes its orientation from the �110� di-

rection to the �101̄� direction via a middle atomic configura-
tion shown in Fig. 11�b� and then it jumps to the cubic center
position, forming a Cr-Fe�110� dumbbell configuration, as
demonstrated in Fig. 11�d�. Also, the mixed �110� interstitial

FIG. 7. �Color online� The migration process of a Cr-3V cluster,
where the substitutional Cr is located at the top of three vacancies,
with Fe hop first.

FIG. 8. �Color online� The migration processes of a Cr-3V with
a similarly initial configuration but with Cr hop first.

FIG. 9. The migration energy paths of a Cr-3V cluster, where
the migration process from e→ f in Fig. 7 leads to the highest
energy barrier.
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configuration undergoes an on-site rotation, orientating along

the �011̄� direction �Fig. 11�e��, and the Cr in this configura-
tion can directly jump to a first nearest-neighbor position,
forming a Cr-Fe�101� dumbbell interstitial �Fig. 11�f��. The
on-site rotation of this interstitial completes its net migration
and the final configuration is shown in Fig. 11�g�. The cor-
responding energy paths are given in Fig. 12, and the migra-
tion energy barrier is determined to be the 0.17 eV and is
associated with the on-site rotation. Terentyev et al.38 calcu-
lated the migration energies of self-interstitials in dilute and
concentrated Fe-Cr alloys by MD simulations with similar
interatomic potentials, and found that the stable Cr-Fe dumb-
bells move faster than vacancies, and they can drag Cr atoms
along. The results obtained from the present simulations are
in good agreement with their MD simulations. Note that the
migration energy of self-interstitial atoms �SIA� in Fe is
about 0.31 eV with the current potential but it is only 0.17
eV for a mixed Cr-Fe interstitial. This clearly demonstrates

that the mixed Cr-Fe interstitial has lower migration energy
than a SIA in Fe, which is also consistent with recent density
functional theory �DFT� calculations.17 The slightly faster
migration of a mixed Cr-Fe interstitial than an Fe-Fe inter-
stitial in Fe has been suggested in the previous experimental
studies.42,43

IV. CONCLUSIONS

The dimer method has been employed to study possible
transition states of small Cr-V clusters in Fe and thus deter-
mine migration mechanisms and minimum-energy paths. The
calculations predict that the migration energy of a Cr atom
via a vacancy is 0.56 eV, whereas it is about 0.63 eV for an
Fe atom in a Cr-V pair, which agrees well with theoretical
data for Cr and Fe atom diffusion in pure Fe. The effect of a
nearby Cr atom on the migration of Fe is small. However, the
migration behavior of a Cr-V pair is unlikely to be a domi-
nate mechanism for transport of Cr under normal experimen-
tal conditions in Fe. A series of migration processes for Cr-V
clusters in �-Fe was investigated by the dimer searches. It is
of interest to find that Cr-2V and 2Cr-V clusters can lead to
long-distance migration of Cr, which can be accomplished by
Fe and Cr successive jumps to nearby vacancies in the clus-
ters, a mechanism referred to as a self-vacancy-assisted mi-
gration. The calculated binding energies of Cr-V clusters
show that vacancies weakly attract Cr atoms, and the Cr
atom may dissociate from the C-V clusters. Thus, the com-
petition between Cr dissociation and cluster migration repre-
sents a dynamics process to transport Cr in Fe.

MD simulations and the NEB method were combined to
study the migration behavior of a mixed Cr-Fe interstitial.
The results demonstrate that the on-site rotation of the Cr-Fe
interstitial requires higher energy than that for its hopping
from one site to another and the migration energy is deter-
mined to be 0.17 eV, which is lower than that of an Fe SIA.
This mixed interstitial migration is believed to be a dominant
mechanism for transporting Cr under irradiation in Fe.
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