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A B S T R A C T

Alloying elements at low-concentrations into pure metals is usually adopted to improve their mechanical proper-
ties and irradiation performance. Recently developed single-phase concentrated solid-solution alloys (CSAs) com-
prised of two or more elements, all at high concentrations, have demonstrated good radiation resistance. CSAs
are characterized by their extreme disordered states that arise from the random arrangement of different ele-
ments and accompanied random local lattice distortions. In this work, we investigate low-energy recoil events
in Ni50X50 (X = Fe and Co) CSAs and Ni80X20 (X = Fe, Co, Cr, and Pd) CSAs using ab initio molecular dynamics
simulations to understand the effects of different disorder on defect production in CSAs. The threshold displace-
ment energies are determined along three high-symmetric directions by randomly choosing independent primary
knock-on atoms in each direction. As expected, the threshold energies in Ni and its CSAs are anisotropic, with the
highest values found in the [111] direction. The calculated threshold energies of Fe in NiFe are smaller than those
in NiCo and Ni, especially along the [111] direction. An inspection of the atomic trajectories inside the collision
cascade reveals that the effect of chemical disorder outweighs the site-to-site lattice distortions in determining
the threshold energies. Especially, different interaction properties between elements due to their different elec-
tronic structures are responsible for the observed different threshold energies. The local environment dependence
of threshold energies suggests that local elemental arrangement can be used to understand and predict threshold
energies in disordered alloys.

© 2019

1. Introduction

Structural materials for nuclear applications need to endure the
harsh environment of high temperatures, high irradiation, and extreme
corrosions. Recently developed concentrated solid‒solution alloys
(CSAs) with two or more principal elements situated in a simple
face-centered cubic (fcc) or body-centered cubic (bcc) lattice have
demonstrated exceptional mechanical properties and irradiation resis-
tance [1–5], which make them promising candidate materials in future
nuclear reactors. One of the most intriguing properties of these alloys
is that their compositions can be tuned widely among different elemen-
tal species and concentrations, and thereby, their properties can be tai-
lored accordingly. Therefore, a fundamental understanding of the link
between the properties of CSAs and their compositions is of paramount
importance for practical applications.

In CSAs, the extreme chemical disorder induced by the random
arrangement of different elements changes significantly the defect en
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ergy landscape and defect dynamics [4–6]. Specifically, a rougher en-
ergy landscape is found in CSAs compared to that in pure metals, which
helps to slow down defect diffusion and suppress defect cluster growth
[7–9]. While smaller defect clusters in CSAs are readily appreciated
both in experimental observations and atomistic simulations [5,10], the
initial stage of damage accumulation in CSAs and pure metals shows lit-
tle difference or even a reversed trend. For example, there are more de-
fects produced in NiFe and NiCoCr than in pure Ni when the damage is
less than 0.07 displacement per atom (dpa) [10]. These results call for
the examination of damage production mechanisms in CSAs at the very
early stage.

It is well established that the defect production and microstructure
evolution play key roles in governing the irradiation tolerance of ma-
terials [11]. Thus, the knowledge of defect creation mechanism is very
important for understanding damage processes and further designing ra-
diation-resistant structural materials. In the damage production stage,
one of the basic parameters controlling radiation damage is the thresh-
old displacement energy (Ed), which is the minimum kinetic energy re-
quired to permanently displace an atom from its lattice site. The value
of Ed may be used to estimate the number of defects created using the
Kinchin‒Pease (or NRT) equation [12]. It is also a necessary input to
calculate the dpa value in irradiated materials based on the SRIM code.
Therefore, the full knowledge of Ed and accompanying low-energy re
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coil events, including defect production dynamics and defect structures,
are essential to evaluate the radiation performance of materials.

Previous studies on defect production have generally focused on pure
metals and dilute alloys. For example, the defect structures and values
of Ed in dilute Ni–Al alloys with no more than 30% Al content have
been investigated in both experiments and molecular dynamics (MD)
simulations [13,14]. The results of such studies suggest that alloying
with Al has little effect on the Ed values of Ni and Al in NiAl. In CSAs
that contain multiple principal elements, defect evolution is expected to
be greatly influenced by the complexity of the underlying composition-
ally‒disordered state [15]. Until now, the importance of this disorder
in low-energy recoil events has not been explored. Although classical
MD (CMD) simulations based on empirical potentials have been used to
study defect evolution at an atomic level, their results are dependent
on the nature of the employed empirical potentials. Specifically, dif-
ferent potentials result in different conclusions about defect production
and defect structures [16]. On the other hand, ab initio calculations can
describe interatomic interactions through quantum mechanical calcula-
tions with the help of density functional theory (DFT). Based on DFT,
ab initio molecular dynamics (AIMD) has become an important tool to
study low-energy recoil events with an ab initio accuracy [17,18]. For
disordered alloys, there are still no reports about the low-energy recoil
events and threshold energies, possibly due to the high computational
cost of AIMD.

In this study, we investigate the low-energy recoil events in Ni50X50
(X = Fe and Co) and Ni80X20 (X = Fe, Co, Cr, and Pd) CSAs, as well as
in pure Ni, by AIMD. We consider the disordered states in CSAs by con-
structing special quasirandom structures (SQS), and the displacement
fluctuation is included by equilibrating the structures before the recoil
event is initiated. The value of Ed is determined in three high-symmetric
directions by randomly choosing independent primary knock-on atoms
(PKA) for each atom type, and the resulted defect structures are ana-
lyzed. To understand the difference of Ed values in different CSAs, we
have made a detailed electronic structure analysis for alloys with differ-
ent X concentrations from dilute to concentrated regime. We show that
electronic properties of different elements are dominant factors in gov-
erning atomic interactions and the Ed values.

2. Methods

First-principles calculations were carried out based on DFT as im-
plemented in the Vienna ab initio simulation package (VASP) code
[19]. Electron-ion interactions were treated within the projector-aug-
mented-wave method [20]. A gradient corrected functional in the
Perdew-Burke-Ernzerhof (PBE) form was used to describe the exchange
and correlation interactions [21]. The energy cutoff for the plane-wave
basis set was set to be 270 eV. Only the Γ point was used during the
dynamic simulations. All calculations were performed with spin-polar-
ization to account for the magnetic properties of considered alloys; the
magnetic moments of each element were initiated by the results from
previous static calculations [15]. The CSAs were modeled by SQS that
was constructed by optimization of the Warren-Cowley short range or-
der (SRO) parameters [22,23] through a simulated Monte-Carlo algo-
rithm [15]. In this study, standard PAW potentials without semi-core 3p
electrons were used.

The recoil event was initiated by assigning certain kinetic energy (Ei)
along a specific direction to a selected atom (i.e., PKA). Three high-sym-
metric directions in the fcc lattice were studied, namely [100], [110]
and [111] directions. Two different SQS sizes were used depending on
the direction of PKA, as was done in a previous study [24]. Specifi-
cally, a 6 × 3 × 3 supercell was used for the [100] direction recoils
and a 4 × 4 × 4 supercell was employed for all other directions. The
structures were first equilibrated at 300 K for 2 ps using the NVT en-
semble by controlling the temperature with the Nosé-Hoover thermo-
stat [25,26]. After that, low energy recoil events were simulated us

ing NVE ensembles by keeping the atom number, volume and energy
constant. Both the chemical disorder and site-to-site lattice distortions
in CSAs were included in this simulation setup. A timestep of 1 fs was
used, and the final defect structures were analyzed after 2 ps dynamics
runs. Further increasing the simulation time did not result in significant
changes in the defect structures [24]. We have made tests with a smaller
timestep of 0.5 fs, and no significant changes were found in the trajec-
tories of the PKA. In fact, with a step of 1 fs, the maximal displacement
during the recoil event initiated by a 50 eV Ni PKA is around 0.12 Å.
Besides, this maximal displacement only occurs at the very beginning of
the recoil process. Afterward, the kinetic energy of the PKA decreases
rapidly, and the system starts to evolve toward the equilibrium state, in
which phase the influence of timestep is small. The same timestep has
been used in a number of low-energy recoil simulations based on AIMD
[24,27]. The value of Ed was determined by increasing Ei until a stable
defect is formed. The uncertainty of Ed was narrowed to 1 eV by setting
the energy increment to 1 eV [24,28,29]. The same DFT methodology
has been extensively used to calculate Ed values and study low-energy
recoil events in different materials [24,27–29].

3. Result

3.1. Equiatomic NiCo and NiFe CSAs

3.1.1. Threshold displacement energies
While the chemical disorder is considered in a similar way for both

NiCo and NiFe using SQS supercells, the lattice distortions in NiFe are
larger than those in NiCo due to the large atomic size difference be-
tween Fe and Ni. To illustrate this effect, the distribution of radial
displacement for each atom in Ni, NiCo and NiFe averaged from the
last 200 steps within a 2 ps AIMD simulations at 300 K are presented
in Fig. 1. Here the radial displacement is measured with respect to
a perfect fcc lattice. It is clear that the lattice distortions are more
pronounced in NiFe compared to NiCo and Ni. This conclusion is in

Fig. 1. The distribution of radial displacement with respect to a perfect fcc lattice in Ni
(a), NiCo (b) and NiFe (c) after 2 ps AIMD simulations at 300 K.
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good agreement with our previous displacement results collected from
fully optimized SQS structures at 0 K [15]. At the final state, the aver-
aged displacement is 0.11 Å for Ni in pure Ni, 0.11 and 0.12 Å for Ni
and Co in NiCo respectively, and 0.15 and 0.16 Å for Ni and Fe in NiFe
respectively. These atomic displacements have significant influence on
Ed, as will be discussed below.

Because of the random displacement and thermal vibrations, the de-
termined threshold energies are different even for the same PKA type in
the same recoil direction. In order to obtain general conclusions on the
values of Ed, three atoms are randomly chosen as PKAs for each atom
type in each direction, except for Ni and Fe in NiFe along the [111] di-
rection; five independent low-energy recoil events are simulated since
we find Ed values are smaller in this direction. All the calculated Ed are
summarized in Fig. 2, together with previous results obtained in Ni and
ordered NiCo [24].

Fig. 2 shows that Ed values in Ni as well as its CSAs determined
by AIMD at 300 K are anisotropic. In particular, Ed values along the
[110] direction are the lowest among the three PKA directions consid-
ered, whereas Ed values in the [111] direction are the highest. These re-
sults are in agreement with previous calculations [24]. It is understand-
able that large Ed values are observed in the [111] direction since the
PKA must surmount large barriers to pass through the triangular centers

Fig. 2. Threshold displacement energies in pure Ni, NiCo and NiFe determined by three
randomly chosen PKA for each atom type: (a) [100] direction, (b) [110] direction and (c)
[111] direction. Previous results [24] in Ni and NiCo are shown in black. For Ni and Fe
in NiFe along the [111] direction, two additional calculations are performed to confirm
the trend of Ed. Note that the Ed value along the [110] direction is defined as the minimal
energy required for the PKA to leave its original location.

in adjacent closed-packed {111} planes (ABCABC stacking in fcc struc-
tures). In the close-packed [110] direction, the recoil leads to a replace-
ment collision sequence that extends to around 30 atoms in length ac-
cording to our tests using MD simulations with the Bonny potential [30].
To fully include this replacement sequence would require a large super-
cell containing at least 2700 atoms (a 15 × 15 × 3 supercell). This is
not feasible within AIMD simulations. As a result, the value of Ed in this
direction is determined by the minimal energy to displace the PKA from
its lattice site, which corresponds to the threshold energy to initiate a
replacement sequence. For the other two directions, Ed values are deter-
mined using the standard definition when a stable Frenkel pair is cre-
ated based on the Wigner-Seitz defect analysis.

In general, the values of Ed determined for pure Ni compare well
with available experimental values, which are 38 eV, 21 eV and 60 eV
along the [100], [110] and [111] directions, respectively [31]. Note
that previous MD simulations yielded values of 32 eV, 38 eV and 58 eV
in these three directions, respectively [13]. Compared to previous AIMD
results in pure Ni calculated at 0 K [24], it is suggested from Fig. 2
that including an initial temperature distribution does not induce sub-
stantial differences in the values of Ed. In our calculations, different
PKAs result in different values of Ed at finite temperature due to random
arrangement of elements and associated thermal fluctuations. There are
noticeable differences in the calculated Ed values for Ni and Co along
the [100] direction compared to the results calculated in ordered NiCo
[24]. The differences may arise from the difference in disordered and
ordered structures. In ordered structures, Ni (Co) only collides with
Ni(Co), whereas atom collisions are randomized in this study.

Comparing the values of Ed in these three systems, the Ed values in
NiCo are similar or even slight higher than those in pure Ni for all three
directions considered. However, the Ed values in NiFe show some dis-
tinct features. While the Ed values along the [100] and [110] directions
are similar to those found in NiCo and Ni, lower Ed values are observed
in the [111] direction for Fe recoils in NiFe. To verify the difference in
the values of Ed for Ni and Fe in the [111] direction, two additional sim-
ulations were performed. The results are also given in Fig. 2, which sug-
gest that the Ed values of Fe in NiFe are indeed lower than those of Ni
and Co along the [111] direction in Ni and NiCo.

To differentiate the role of chemical and displacement fluctuation
disorder, the atomic trajectories involved in the collision cascade are an-
alyzed in detail. The results are given in the Supplementary Information.
It is found that there are no noticeable differences for atomic trajectories
in NiFe compared to those in pure Ni and NiCo. This observation sug-
gests that the site-to-site distortions have little effect on the values of Ed.
As shown in Fig. 1, Ni and Fe atoms experience larger radial displace-
ment in NiFe compared to NiCo and Ni. However, the atomic trajecto-
ries in these three systems are very similar.

The calculated Ed has taken into account the effect of thermal fluc-
tuations and intrinsic chemical disorder in CSAs. To clarify their differ-
ent roles, the Ed values in Ni, NiCo and NiFe along the [111] direction
are compared to the results calculated using the same PKA in a static
perfect lattice without thermal fluctuations. In such a lattice, the effect
of displacement fluctuations is minimized. The Ed values obtained, as
well as the trajectories of those atoms involved in the low-energy re-
coil events, are provided in Fig. 3. The comparison indicates that the
displacement disorder in Ni does not induce significant change to Ed in
Ni; whereas a large variation in Ed is found in NiCo and NiFe due to
displacement fluctuations. The variation is opposite in NiCo and NiFe,
suggesting the random nature of the disorder. In the perfect lattice, a
PKA with an energy of Ed in the close-packed A plane passes through
the two triangular centers in the first and second nearest {111} planes
(B and C planes), and then directly collides with an atom in the third
neighboring A plane. In pure Ni, the Ni PKA scatters off the three atoms
in the B and C planes symmetrically and symmetric trajectories are ob
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Fig. 3. The trajectories of those atoms experiencing significant displacement during the low-energy recoil events along the [111] direction as well as the determined Ed. The upper row
shows results simulated in static perfect fcc lattices, whereas results in the lower row include initial thermal fluctuations. Ni atoms are denoted by green balls, while Co and Fe atoms are
represented by pink and orange balls. The trajectories of different atoms are denoted by lines with different colors. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

served (Fig. 3(a)) The PKA finally creates an interstitial at an octahedral
site and leaves a vacancy at its original location. Including the thermal
fluctuations change the trajectories of the atoms in the recoil region and
makes the interstitials more likely to be in the form of [100] dumbbells.
In NiCo and NiFe, the atomic trajectories are strongly dependent on the
local environment. Note that lower Ed values are always found in NiFe
for Fe recoils, no matter whether the initial relaxations are included or
not. Thus, it is the property of a specific element that plays a decisive
role in governing the Ed values.

3.1.2. Defect structures
The atomic configurations following the recoil events provide infor-

mation on the properties of resulting defects. As discussed above, recoils
along the [110] direction induce a long replacement collision sequence.
Therefore, the created defect structure is basically a chain of atomic re-
placements. In pure Ni, the last recoil atom occupies the vacancy left
by the PKA and no defect is seen by the Wigner-Seitz defect analysis. In
NiCo and NiFe, the atomic replacement generates lots of antisite defects
since one atom may occupy the lattice location of another atom belong-
ing to different atom types.

For recoils along the [100] and [111] directions, the resulting de-
fects are Frenkel pairs. While a vacancy is produced by the displaced
PKA, the interstitial structure is dependent on the recoil directions, as
well as the local atomic environment. It is known that the most stable
interstitial configuration in fcc Ni at 0 K is the [100] dumbbell, in which
two atoms align along the [100] direction sharing the same lattice site
[15,32]. We have analyzed the defect structure produced in this work.
For this purpose, the orientation of the dumbbell axis in the final state is
calculated with respect to the closest [100] direction and the deviation
angle (θ) is obtained. The results are summarized in Table 1, together
with the dumbbell compositions, the distance between the two atoms in-
side the dumbbell (ddumbbell), and the distance between the vacancy and
interstitial inside the Frenkel pair (dV-I) determined by Wigner-Seitz de-
fect analysis.

The results in Table 1 show that most deviation angles are smaller
than 16°, indicating that [100] dumbbells are energy preferred config-
urations in low-energy recoil events. Nevertheless, large deviations are
observed in some cases, and a [111] dumbbell is found in NiCo. These
deviations can be attributed to alloying effects and thermal fluctua

tions. In fact, ab initio calculations at 0 K suggest the axis of dumbbells
in CSAs is not strictly along the lattice direction because of the disorder
[15]. Previous calculations also suggest that the defect energies in CSAs
exhibit distributions [15]. Therefore, the appearance of [111] dumb-
bells does not necessarily imply an energy preference of [111] dumb-
bells over [100] dumbbells. It is highly likely that the distributions of
their formation energies have some overlap regions. The distance be-
tween the two atoms in the dumbbell structure is around 2 Å in all cases,
as shown in Table 1, similar to that found in static calculations [15].

For the recoils in the [100] direction, the PKAs rarely form dumb-
bells. In this case, most of the PKA are displaced from their original lat-
tice site and occupy another site, as can be seen from the atomic tra-
jectories in the Supplementary Information. Instead, the final dumbbell
defect is created by the secondary recoil atom and even the third recoil
atom. In random alloys, it is possible that the PKA replaces another lat-
tice atom with a different atom type, thus resulting in antisite defects
besides the Frenkel pair defect. In contrast, in the [111] direction, most
of the dumbbells produced contains the PKA atom. In this case, the PKA
loses most of its kinetic energy when it passes through the close-packed
planes. As a result, there is enough time for the PKA to interact with
other lattice atoms to create dumbbell defects.

The separation distance between the vacancy and interstitial com-
prising a Frenkel pair ranges from 4 to 10 Å, which reflects the extent
to which the low-energy recoil event will have disturbance on the lat-
tice structure. The differences from three independent PKAs are small in
pure Ni, whereas much larger differences are observed in CSAs. This can
be attributed to the disorder inherent in CSAs.

3.2. Ni0.8X0.2 (X = Fe, Co, Cr, Pd) CSAs

To further compare alloying effects of different elements in terms of
d electron number, atomic volume and mass, the values of Ed in four
Ni0.8X0.2 (X = Fe, Co, Cr, Pd) CSAs along the [111] direction are cal-
culated. This direction is chosen because Ed values show the most visi-
ble differences in this direction as found in equiatomic NiCo and NiFe.
Since the above results suggest that the effects of initial thermal fluctu-
ation on Ed values are limited, the initial temperature is set to be 0 K
in these AIMD calculations. The obtained results for Ni and X atoms
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Table 1
Defect configurations determined in low energy recoil events when the recoil energy is Ed. The dumbbell orientations (θ) are measured with respect to the [100] direction, unless otherwise
indicated. The dumbbell composition, the distance between the two atoms in the dumbbell structure (ddumbbell) and the distance between the vacancy and interstitial in the Frenkel pair
(dV-I) determined by Wigner-Seitz defect analysis are also provided. All distances are given in angstrom. The dumbbells formed by the PKA are denoted by superscript.

[100] PKA [111] PKA

θ Composition ddumbbell dV-I θ Composition ddumbbell dV-I

Ni 2.58° [010]Ni–Ni 2.12 6.59 3.97° [100]Ni–Ni 2.10 4.32
15.43° [010]Ni–Ni 2.10 7.05 18.11° [100]Ni PKA-

Ni
2.23 4.36

15.45° [001]Ni–Ni 2.00 5.57 12.30° [010]Ni PKA-
Ni

2.08 6.14

Ni in NiCo 17.15° [100]Co–Co 2.14 7.87 4.93° [001]Co–Co 2.23 4.31
12.18° [001]Ni–Ni 2.00 7.05 12.24° [010]Ni PKA-

Co
2.02 8.22

9.59° [100]Ni PKA-
Co

2.28 5.57 9.88° [001]Ni PKA-
Ni

2.12 4.24

Co in NiCo 13.95° [010]Ni–Co 2.08 11.14 4.39° a [111]Co–Co 2.11 6.09
10.23° [100]Ni–Ni 2.19 10.27 11.73° [100]Ni–Co 2.28 5.52
15.06° [010]Co–Co 1.86 10.57 15.04° [100]Co PKA-

Ni
1.95 6.63

Ni in NiFe 5.20° [100]Ni–Fe 1.99 10.27 17.87° [100]Ni–Fe 2.14 9.14
3.58° [100]Ni PKA-

Ni
2.00 3.52 9.92° [100]Ni–Fe 2.20 5.60

9.26° [010]Fe–Fe 1.93 5.57 6.11° [001]Ni–Ni 2.03 5.52
Fe in NiFe 7.16° [100]Ni–Fe 2.17 10.27 5.56° [100]Fe PKA-

Fe
2.05 4.33

10.62° [010]Fe PKA-
Ni

2.09 5.57 3.23° [100]Fe–Fe 1.95 8.22

13.68° [001]Fe–Fe 1.90 5.57 3.41° [100]Fe–Fe 2.05 6.53

a [111] dumbbell. θ is calculated with respect to the [111] direction.

are presented in Fig. 4. To verify the trend of Ed values, three and five
independent calculations are performed for Ni and X in each alloy, re-
spectively. It is suggested that the Ed values of Ni and X in Ni0.8Fe0.2,
Ni0.8Co0.2 and Ni0.8Cr0.2 are similar, both ranging from 47 to 62 eV. In
Ni0.8Pd0.2, the Ed values of Ni are higher (in the range of 60–70 eV),
whereas those of Pd are lower (less than 45 eV). The difference in
Ni0.8Pd0.2 can be attributed to mass effects, since Pd is much heavier
than Ni. As a result, less energy is required for Pd to create stable de-
fects in the lattice. For Ni0.8Fe0.2, Ni0.8Co0.2 and Ni0.8Cr0.2, their similar
Ed values suggest alloying effects are limited regarding to threshold en-
ergies.

4. Discussion

The primary goal of present study is to investigate the effects of
chemical disorder on low-energy recoil events in CSAs. The results show
that the most significant influence on Ed values are Fe recoils along the
[111] direction. To gain insight into this observation, additional simula-
tions were performed by playing with local atomic environments around
a Fe PKA inside a pure Ni matrix. The initial atomic configurations, cal-
culated Ed values and associated defect structures are presented in Table
2.

Table 2 shows that the Ed value of a single Fe atom inside Ni is
55 eV. This value is similar to that of Ni in Ni (53 eV) as displayed
in Fig. 3. A sudden decrease of Ed value from 55 to 44 eV is found
when the atoms in the nearest close-packed plane along the [111] path
are replaced by Fe atoms, whereas the Ed value remains around 50 eV
when Fe appears in the second nearest close-packed plane. Further de-
crease is observed when all three atoms are Fe in the first nearest
close-placed plane. This result suggests interactions among Fe PKA and
other Fe atoms along the recoil path help to lower Ed values. Further
insight can be gained from the analysis of PKA trajectories. Here the
PKA trajectory of a Fe PKA with an energy of 44 eV is presented in
Fig. 5 when an atom in the nearest {111} plane is replaced by Fe. It

shows that the PKA first passes through the first triangle but fails to pass
the second one. At 0.3 ps, the PKA bounces back towards the vacancy
left behind. In this process, the PKA loses most of its kinetic energy. The
bounced Fe PKA could pass through the triangle and recombine with the
vacancy if there is no Fe atom in the first triangle, as indicated by the
high Ed value of 55 eV. However, in the case shown in Fig. 5, the Fe
PKA cannot go back to the vacancy position, possibly due to repulsive
interactions between Fe–Fe atoms. This repulsive interaction has been
previously reported from DFT calculated binding energies [32]. The re-
pulsive interaction is in accordance with the higher formation energies
of Fe–Fe dumbbells in Ni–Fe alloys [8,15,33]. Consequently, the PKA is
trapped between the two nearest {111} planes and finally forms a dumb-
bell with a Ni atom. Therefore, the low Ed value found in Fe PKA is a
result of the peculiar interaction between Fe–Fe atoms.

To confirm that the electron configuration of an alloying element
plays a significant role in energy transfer (e.g. a Fe atom is difficult
to pass through the nearest {111} planes) as shown in Fig. 5, addi-
tional NEB calculations are performed to study the energy barrier for
this process. The results are shown in Fig. 6. For comparison, the re-
sults for Co and Cr are also provided. Here the initial state is a [010] Fe
(Co, Cr)–Ni dumbbell created by the PKA and the vacancy left, which
corresponds to a Frenkel pair defect. The energy of this defect is around
5.49, 5.34 and 5.13 eV higher in Fe, Co and Cr cases respectively, com-
pared to those of final states where all atoms are in lattice positions.
It is found that the energy barrier for Fe to recombine with the va-
cancy is about 0.50 eV, whereas it is 0.21 and 0.18 eV for Co and Cr,
respectively. The energy barrier of 0.50 eV is much higher compared
to the migration barrier of a Fe–Ni interstitial dumbbell in the Ni ma-
trix (0.11 eV [32]). Therefore, the produced Fe–Ni interstitial dumb-
bell prefers to migrate in the matrix rather recombines with the va-
cancy. In contrast, the barriers are lower for Co and Cr, which indicate
that recombination is easier in Co and Cr cases. To understand this dis-
tinct behavior, the projected electronic densities of states (PDOS) for Fe,
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Fig. 4. Threshold displacement energy in Ni0.8X0.2 (X = Fe, Co, Cr, Pd) CSAs along the
[111] direction.

Co and Cr PKA are also given in Fig. 6. For Fe PKA, the DOS at Fermi
level is much higher at the saddle configuration compared to that at the
initial state. Therefore, the corresponding band energy in the saddle is
higher than that in the initial configuration, which results in high energy
barrier for Fe. On the other hand, the DOS for Co and Cr PKA are only
slightly changed from the initial state to saddle configuration, in agree-
ment with the low values of energy barrier. The difference in PDOS of
Fe and Co can be understood within rigid band approximation and is at-
tributed to electron occupation changes. Since Co has one more electron
than Fe, the Fermi level should be shifted to higher energy, relative to
its position in Fe, to accommodate the additional electron. As a result,
the PDOS in the spin-up channel near Fermi level becomes flat in Co
compared to Fe. The lower Ed values of Fe in NiFe along the [111] direc-
tion suggest that it is easier to create stable defects in this direction. As
a result, the damage induced by ion irradiation in NiFe should be more
delocalized and scattered, since local recombination is less probable.

Table 2
Threshold displacement energy of Fe in Ni matrix under different local atomic environ-
ments.

Ed (eV) Defect structure Atomic arrangement

55 [001]Fe PKA-Ni

44 [001]Fe PKA-Ni

52 [001]Fe PKA-Fe

25 [001]Fe PKA-Ni

26 [001]Fe PKA-Fe

23 [010]Fe PKA-Fe

The results above demonstrate that the presence of Fe in the near-
est {111} planes can further decreases Ed values, whereas Co and Cr
presence in the same location have little effects. To better understand
the difference, the energy profile is calculated when the PKA moves
from its original location along the [111] direction. The results for Fe,
Co and Cr in different chemical environments are shown in Fig. 7. In
these calculations, the atomic positions are fixed. Along this path, the
PKA goes through two triangular centers in the nearest {111} planes,
as evident by the two peaks in energy curves. The gray area represents
the energy profile for a Ni in a Ni matrix. Fig. 7 show that an in-
crease of Fe atom concentration in the nearest {111} plane causes sig-
nificant decrease of energy in the first peak (~4 eV), whereas only lim-
ited effect is observed in the cases of Co or Cr. This reduction of first
peak value suggests that less energy is required for the Fe PKA to pass
through the first triangle center and create stable defects, thus decreas

Fig. 5. A Fe PKA trajectory at energy of Ed (44 eV). (a) 0 ps, (b) 0.1 ps, (c) 0.3 ps, (d) 0.8 ps and (e) 1.0 ps.
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Fig. 6. Energy profile of recombination between a [010] interstitial dumbbell and a vacancy produced by a PKA in Ni–Fe, Ni–Co and Ni–Cr. Em is the migration energy defined as the
energy difference between the maximal energy and the initial energy. In the right column, the corresponding PDOS of the PKA is shown in the initial and saddle configurations. The Fermi
level is set to be 0 eV.

ing Ed values. For Co and Cr, their energy profiles are similar to that
of Ni in a Ni matrix, which are consistent with their similar Ed values.
These differences can be traced back to their differences in electronic
structure, as provided by PDOS when the PKA is located in the center of
the first triangle. In this configuration, the magnetic moment of PKA is
suppressed because of volume compression, which results in smaller dif-
ferences between spin-up and spin-down channels as Fe (Co, Cr) concen-
tration increases. Accordingly, the DOS peak in the left of the Fermi level
gradually shifts to higher energies with increasing Fe (Co, Cr), which
leads to a reduction of band energy. At 0 K, band energy can be writ-
ten as , where EF is the Fermi level and f(E)
is electronic DOS. Only the electronic DOS below the Fermi level (occu-
pied states) contributes to band energy. In the case of Fe, the occupied
states decrease rapidly with increasing Fe (Fig. 7(b)), consistent with
the large drop of energy observed in Fig. 7(a). The change of occupied
states in Co is smaller than Fe, so is the calculated energy in Fig. 7(c).
For Cr, the DOS is almost flat near Fermi level, which results in small
energy difference in Fig. 7(e). Therefore, the energy change can be ex-
plained by band filling effects. Among these three elements, increasing
Cr has little effect on energy profiles, and thus its effect on Ed values is
limited.

In our calculations, we have distinguished two kinds of disorder in
the CSAs, one is the lattice distortion effects, and the other is the random
elemental arrangement. Our results indicate that the chemical disorder
in NiCo does not have a significant influence on the threshold energies
in both [100] and [111] directions. On the other hand, chemical disor-
der indeed has a remarkable impact on threshold energies in NiFe, par-
ticularly along the [111] directions. Our analysis further illustrates that
the electronic structure of elements plays a crucial role in affecting the
defect creation mechanism. Therefore, the chemical disorder can affect
defect production in CSAs through complexed interactions at the elec-
tronic level.

5. Conclusion

AIMD simulations have been performed to study low-energy recoil
events in Ni, Ni50X50 (X = Fe and Co), and Ni80X20 (X = Fe, Co, Cr
and Pd) disordered CSAs. The chemical disorder is considered by SQS
structures and the inherent atomic displacements are included by ini-
tial MD runs. Anisotropic Ed values in these materials are demonstrated.
Specifically, the highest Ed values are observed along the [111] direc-
tion. On the other hand, the recoil events along the [110] direction
produces a replacement collision sequence, and the minimal energy
required for initializing such sequence is low. Among the PKA direc
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Fig. 7. Energy profile when a Fe, Co and Cr PKA move along the [111] direction in different local chemical environment. The gray area represents the energy profile for a Ni in a Ni
matrix. Three cases are shown: Fe (Co, Cr) PKA in Ni matrix, Fe (Co, Cr) PKA in Ni matrix in which one Ni atom in the nearest {111} plane is replaced by Fe (Co, Cr), and Fe (Co, Cr) PKA
in Ni matrix in which three Ni atoms in the nearest neighbor {111} plane are replaced by Fe (Co, Cr). The two dashed lines denote triangular center in the two nearest {111} planes. In
the right column, the calculated PDOS of d states are shown when the PKA is located at the first center of the nearest {111} plane. The Fermi level is set to be 0 eV.

tions studied, the calculated values of Ed for Fe in NiFe along the [111]
direction is lower than that in Ni and NiCo. Our analysis further shows
that chemical disorder due to random arrangement of different elements
has a larger effect than thermal displacement on Ed values. In particular,
Fe atoms tend to lower Ed values in the [111] direction, compared to Co
and Cr. The present results underline the importance of chemical disor-
der in determining the defect production in CSAs.
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