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a b s t r a c t
In this paper, we characterize the eﬀect of defect kinetics on the stability of ordered nickel-based binary alloys,
NiFe, NiCo and NiCu, using the kinetic Activation-Relaxation Technique (k-ART), an unbiased oﬀ-lattice kinetic
Monte Carlo method with on-the-ﬂy catalog building, that can provide kinetic pathways over second scales taking
full account of chemical and elastic eﬀects. We generate the full energy landscape surrounding vacancy and selfinterstitial diﬀusion for L10 NiFe, an alloy with promising magnetic properties, with those of model L10 NiCo
and NiCu, and combine this information with unbiased long-time kinetic simulations to characterize the link
between speciﬁc microscopic diﬀusion mechanisms and overall phase stability. Our simulations demonstrate an
unexpected richness and diversity: even though these alloys display similar proprieties like atomic radius, single
vacancy and interstitial diﬀuse along totally diﬀerent pathways that explain the relative stability of ordered
structure.

1. Introduction
With their low expansion at high temperatures and their high resistance to corrosion, nickel based alloys play an important role in hightech industries such as aerospace and nuclear energy. As demand for
more sophisticated materials grows and new manufacturing methods
are developed, some of these alloys are also attracting more and more
attention for new applications across a wider range of industrial sectors. This is the case, in particular, for chemically-ordered alloys, such
as FeNi, that can be grown by Alternate Monoatomic Layer deposition
[1] or Molecular Beam Epitaxy (MBE) [2] making them good candidates
for applications such as spintronics [3] and inexpensive permanent magnets [4].
These possible applications have caused a renewed fundamental interest to characterize the NiFe and related binary alloys both experimentally [5–7] and numerically [8,9], providing new insights regarding the
link between defect kinetics and stability in these systems. While the
reported order-disorder transition transition temperature in tetrataenite
(L10 NiFe) is 593 K, Bordeaux et al. showed that the slow disordering,
characterized by a 3.1 eV activation energy, pushes the kinetic transition
to much higher temperatures. Yet, Geng et al. showed that room temperature mechanical milling can overcome these barriers and lead to the
production of nanocrystalline L10 NiFe from the disordered phase. Com-
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paring vacancy diﬀusion between ordered and disordered NiFe, TiAl and
CuAu, in high temperature molecular dynamics, ﬁnd that, for ordered
systems, the antisite creation rate is highly composition dependent.
These works underline the importance of understanding the slow
kinetics associated with the general class of L10 alloys and, more particularly, NiFe alloys, by capturing the detailed kinetics of vacancy and
mass diﬀusion in these materials. Yet, the slow defect diﬀusion has made
it diﬃcult to characterize the nature of point defect diﬀusion in these
alloys by standard techniques, such as molecular dynamics, and how it
diﬀers from that, much better understood, observed in perfect systems.
[10] To overcome this limitation, we revisit this problem using the kinetic Activation Relaxation Technique (k-ART) [11,12], an oﬀ-lattice
kinetic Monte Carlo methods with unbiased on-the-ﬂy event catalog construction capabilities, to describe in details the kinetic of point defects
and their associated energy landscape in Ni-based alloys comparing, in
particular, with their behavior in pure iron [13] and nickel [10] gained
recently, with the same technique.
More precisely, in order to understand the link between point defect
kinetics and structural evolution and kinetic stability, we consider three
ordered L10 model systems NiFe, NiCu and NiCo, where only L10 NiFe
is found experimentally to be thermodynamically stable. The full energy
landscape associated with single point-defect diﬀusion is reconstructed
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for each system and long-time k-ART simulations are launched ot generate kinetic trajectories at 300 K, far away from the NiFe order-disorder
transition, to better establish the inherent diﬀerences and similarities
between the alloys. We also characterize the landscape and kinetics of
these alloys under interstitial diﬀusion as even though the evolution of
these alloys seems mostly controlled by vacancies, the preparation of
L10 NiFe phase through ion bombardment [14] or mechanical milling
[7] will generate interstitials that will play a role in the phase ordering.
In this work, long-time k-ART simulations are performed using empirical potential to fully characterize the diﬀusion kinetics and energy
landscape of single vacancies and interstitials in L10 NiFe, NiCo and
NiCu alloys. As potentials need to be validated for the type of problem
studied, we ﬁrst compare three sets of parameters for NiFe based on the
Embedded Atom Method formalism (EAM) [15] developed by Bonny
and collaborators to identify the most appropriate set of parameters.
Simulations show that the energy landscape surrounding the defects and
the associated kinetics vary greatly as a function of alloy composition,
leading to leading to very diﬀerent consequences on the structural evolution of these alloys and opening the door to design more stable and
even self-annealing materials through kinetic control.
2. Methods
2.1. Kinetic-Activation Relaxation Technique (k-ART)
The kinetic Activation Relaxation Technique (k-ART) [10–12] is
an oﬀ-lattice kinetic Monte Carlo method based on the ActivationRelaxation Technique (ART nouveau) [16,17] for event searching and
NAUTY [18] for topological analysis and generic classiﬁcation. The
ﬂowchart in Fig. 1 shortly explain the k-ART method. While details
about k-ART can be found elsewhere [11,19,20], its basic principles can
be summarized brieﬂy as follow.
After classical local energy minimization of the total structure using FIRE (Fast Inertial Relaxation Engine) [21], k-ART characterizes the
local topological environment surrounding each atom with the help of
NAUTY. For this, all atoms contained within a sphere of a given radius (6
Å for the current system) are extracted. A graph is generated by drawing
edges between all atoms within a cut-oﬀ distance of 2.8 Å of each other,
corresponding roughly to including ﬁrst-neighbors only. Additional self
loops are added to distinguish between the various atomic species. The
graph, containing about 80 vertices, is then sent through NAUTY to extract an identiﬁer associated with its automorphic class. If the topology
is known and cataloged, generic events associated with it are placed in
event tree, otherwise 50 ART nouveau searches are launched to identify its associated events; additional searches are added in some cases
to ensure the completeness of the catalog. To ensure that the events
correspond to connected sets of minimum-saddle-minimum states, a relaxation is performed in both direction form the saddle point. After
identifying all events, a ﬁrst evaluation of the time to the next event
is performed according to transition state theory [22] with a constant
10 THz prefactor. All barriers in the tree with an occurrence probability of one in 10,000 or higher are reconstructed and fully relaxed to
ensure that all elastic events are exactly included. After this relaxation,
the time step is evaluated again and the clock moved forward following
the Poisson distribution characterized by this time step. An event is then
selected at random with a probability proportional to its rate and the system is ready for the next step. To prevent being trapped by events with
low-energy non-diﬀusive barriers known as ﬂickering states, we use the
basin-accelerated mean-rate method (bacMRM) [23], which solves analytically intra-basin kinetics. Since the right kinetics is maintained, it is
possible to adjust the threshold for deﬁning ﬂickering states depending
on alloy nature and defect type without aﬀecting the result. In the case
of vacancies, with high migration energy for all systems, this threshold
is set at 0.5 eV. For interstitials, with migration energy and oscillations
activation energies are small (around 0.05 eV), the bacMRM threshold
is set to 0.01 eV.

Fig. 1. Flowchart of k-ART.

Table 1
Lattice parameters of pure metals considered for comparison and alloys (NiFe,
NiCu and NiCo) used in this study. d is the interatomic distance.
Metal

a

b

c

d

Crystal structure

reference

pure Ni
pure Fe
pure Cu
pure Co
NiFe
NiCu
NiCo

3.5200
2.8665
3.6147
2.5071
3.5790
3.5594
3.5250

3.5200
2.8665
3.6147
2.5071
3.5790
3.5594
3.5250

3.5200
2.8665
3.6147
4.0695
3.5790
3.6483
3.5250

2.48
2.87
2.56
2.51
2.53
2.52
2.49

fcc
bcc
fcc
hcp
L10 fcc
L10 tetragonal
L10 fcc

[10]
[26]
[27]
[28]
[8]
[25]
[8]

2.2. Simulated systems
We consider three NiX alloys — NiFe, NiCo and NiCu — all at a
50–50% concentration in both fcc and L10 structure. The simulated systems are cubic boxes of 4000 atoms, a size suﬃcient to ensure that defect
diﬀusion is not aﬀected by boundary eﬀects, relaxed at zero pressure;
lattice parameters for these three cells are indicated in Table 1. Simulations are performed at 300 K, as indicated below, far from the orderdisorder transition temperature for NiFe established experimentally at
600 K. Vacancies of Ni or/and X are created by removing one atom of
the given species. Interstitial atoms, for their part, are placed initially in
576
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Table 2
Migration energy of one vacancy in NiFe alloy as a function of ﬁrst nearestneighbor (1 nn) environment composed by (n, m) elements where n and m are
the number of Ni and Fe, respectively. Considered cases here are (8,4) ↦ (8,4)
for the diﬀusion of Fe vacancy in Fe plane, (4,8) ↦ (4,8) for the diﬀusion of
Ni in Ni plane and (8,4) ↦ (5,7) for the jump of Fe vacancy from the Fe to the
Ni plane. All vacancy diﬀusion mechanisms consist of direct 1 nn jump except
for values with an asterisk (∗ ) that correspond to a two-step diﬀusion to 1 nn
position. All values are in eV.
Bonny 2009
(8,4)↦(8,4)
(4,8)↦(4,8)
(8,4)↦(5,7)

0.75
1.07
1.12

Bonny 2011
1.00
1.32
1.22

Bonny 2013
∗

0.77
0.55∗
1.09

3. Results
3.1. Vacancy diﬀusion
To characterize monovacancy diﬀusion in L10 structure, we need information on the eight barriers presented in Fig. 2. Four barriers are
associated with intraplanar migration depending on the plane and vacancy types, and four others determine the interplanar ones that depend
on vacancy type and the initial and ﬁnal hosting plane. Table 3 presents
all k-ART generated barriers for the three alloys.
We ﬁrst focus on the NiFe case. For this alloy, the lowest barrier, at
0.81 eV, corresponds to a nickel vacancy jump from the Ni to the Fe
plane. Once in this plane, the Ni vacancy diﬀuses preferably in Fe plane
with a barrier of 1.03 eV. Indeed, although the jump to the Ni plane is
only slightly higher, a 1.13 eV, Ni vacancy intraplanar diﬀusion in the
Ni plane involves crossing a much higher energy barrier, at 1.32 eV,
0.25 eV greater than for pure Ni [10]. A Ni vacancy, therefore, would
create a single Fe antisite in the Ni, before diﬀusing in the Fe sublayer.
To avoid obscuring the results, we will label the various sites caused by
an initial vacancy by the initial defect (here Ni vacancy), understanding,
for example, that it means an Fe antisite with Fe vacancy when it is in
the conﬁguration just described.
We observe a similar behavior for the Fe vacancy, which diﬀuse
preferably in the Fe layer, crossing a barrier of 1.00 eV. The Fe vacancy
will only rarely jump to the Ni layer, as it requires an energy of 1.22 eV,
with diﬀusion in this layer ever higher, at 1.25 eV due to the presence
of an antisite in the Fe layer.
The integrated eﬀect of this landscape surrounding a monovacancy
in the L10 NiFe alloy, obtained by long-time k-ART simulations, is presented in Fig. 3(a). The graph shows an evolution dominated by intraplanar diﬀusion in the Fe layer (Y and Z directions), with almost no
interplanar motion as that the vacancy diﬀuses in an environment dominated by Ni atoms (4 Fe in plane and 8 Ni out of plane). This conclusion is conﬁrmed by the right-handed panel (Fig. 3(d)). This ﬁgure
presents the events generated along the pathway as dots positioned as
a function of the initial energy (measured with respect to the ground
state, x-axis), the ﬁnal energy (y-axis) and the energy barrier (colored
according to the right-handed color code). We see, for example, that
for symmetric events, at (0,0), the connecting barrier is light yellow or
1.32 eV; similarly, an event starting in a state at 0.3 eV above GS, can
reach the ground state (0.3, 0) after crossing a 1.22 eV barrier. This
plots shows all 2500 accepted events generated during the 4.5 million
second (1250 h) run at 300 K, with a typical rate of 2.2 × 10−7 s−1 . The
small number of diﬀerently positioned points on the graph indicates
that only a few diﬀerent states are visited, and that the system does no
show structural evolution, remaining essentially ordered as the vacancy
diﬀuses around, restricted essentially to the Fe planes. As temperature
increases, however, as observed experimentally, the relative probability between the jumps in diﬀerent orientations is reduced and leads to
disordering. As temperature is raised to 600 K, for example, near the
experimental order-disorder temperature, interlayer jumps takes place
every 100 to 300 μs (not shown), while no interlayer jump was observed
in a 106 s run at 300 K.
Vacancy diﬀusion in the L10 NiCo alloy is opposite to that of the NiFe
case. From Table 3, the fastest move for the Ni vacancy is towards the
Co sublayer, with a 0.77 eV barrier, compared with 1.07 eV for Ni intralayer diﬀusion. Once in the Co layer, the vacancy is more likely to diﬀuse
in plane (1.04 eV barrier) than to come back to the Ni layer (1.20 eV).
However, the Co vacancy will preferably move to the Ni plane, with a
0.75 barrier, rather than diﬀuse intraplane (with a barrier of 1.19 eV).
Once in the Ni plane, however, it can move easily within the plane, with
a 0.83 eV barrier. For NiCo, therefore, a vacancy will ﬁrst move to the
other plane, creating an antisite, then diﬀuse intraplane until it moves
away from this antisite and prefers, then, to cross into a new plane,
leading to the multiplication of antisites and the disordering of planar
structure.

DFT
0.87 [9]
1.05 [9]
1.07 [8], 1.31 [9]

an octahedral site and, after minimization, form a dumbbell with one of
their neighbors, either the same type or not.
For the L10 structure, Ni and X atomic layers are stacked alternatively along the ⟨100⟩ direction. It has been shown experimentally
[2,4] and from DFT calculation [24] that the NiFe-alloy L10 structure is
stable. While this is not the case for the two other alloys, [1,25] comparing diﬀusion pathways of point defects in these three cases contributes
to providing an explanation for the observed diﬀerence in stability in
addition to serving as a reference system for understanding diﬀusion in
solid solutions.
2.3. Choice of parameters for the interaction potential
To select the best available forceﬁeld for our simulation, we ﬁrst
compare various parameter sets optimized by Bonny and collaborators
within the embedded-atom method framework for NiFe [29–31], NiCo
[32] and NiCu [33] systems.
Because NiFe alloy has received more attention than the two other
systems, we focus on this alloy to establish the best potential, comparing three sets of parameters with available DFT results. Table 2 shows
results obtained with three potentials for vacancy diﬀusion barriers in
three diﬀerent ﬁrst nearest-neighbors (1 nn) environments as well as recent DFT calculations [8,9]. Bonny’s 2013 EAM potential introduces an
unphysical two-step mechanism for monovacancy diﬀusion where the
vacancy, starting from the crystalline position, ﬁnds a ﬁrst minimum
halfway on the path to the 1 nn site localized in the same plane nature.
This mechanism is observed for both Fe and Ni vacancies with barriers
of 0.87 and 1.05 eV, respectively as indicated in Table 2. Bonny’s 2009
EAM potential under-estimates the intraplanar in Fe layer and the interplanar diﬀusion barriers by 0.12 and 0.19 eV, respectively, compared
to Chakraborty’s [9] DFT results. Since DFT calculations between various groups disagree for the interplanar diﬀusion (8,4) ↦ (5,7), we take
as reference the average between the two values; here again, Bonny’s
2011 potential presents the best value. Finally, Zhao et al. [8] have
compared the distribution of formation energies in random alloys as
a function of ﬁrst-neighbor environment for DFT and empirical potential and concluded that, although imperfect, Bonny’s 2011 oﬀer the best
agreement with ab initio results. Overall, therefore, Bonny’s 2011 EAM
potential oﬀers reasonable accuracy and better relative energies that
the other empirical potentials and is selected here for the treatment of
NiFe alloy.
2.4. Formation energy
The formation energy 𝐸𝑓𝑐𝑜𝑛𝑓
(𝑁𝑖𝑋) for a mono-self-interstitial
1𝑆𝐼𝐴
(1SIA) in NiX (X is Fe or Cu or Co) alloy is calculated as follow:
(
(
))
(𝑛 + 1)
𝑐𝑜𝑛𝑓
𝐸𝑓𝑐𝑜𝑛𝑓
(
𝑁𝑖𝑋)
=
𝐸
−
𝐸
×
,
𝑝
1𝑆𝐼𝐴
𝑛
where Econf is total energy of the system in the considered conﬁguration,
Ep is the energy of the perfect crystal with n atoms (4000 in our case).
According to this deﬁnition, a state with lower 𝐸𝑓𝑐𝑜𝑛𝑓
(𝑁𝑖𝑋) is more
1𝑆𝐼𝐴
stable.
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Fig. 2. Interplanar and intraplanar diﬀusion pathways of
a vacancy diﬀusing in fcc L10 alloys. While intraplanar
jumps are symmetric, this is not the case for interplanar
diﬀusion that generates antisites, as indicated on the lefthand-side panel.

Table 3
Migration energies of single vacancy in L10 fcc nickel binary-based alloys. Notation is a bit similar
to Kröger–Vink’s ones (Exemple : 𝑁𝑖𝑣𝑋→𝑁𝑖 is the barrier for the Ni vacancy (v) to diﬀuse from the
X plane (Fe or Co or Cu) to the Ni plane).
Alloy/Barrier

𝑁𝑖𝑣𝑁𝑖→𝑋

𝑁𝑖𝑣𝑋→𝑁𝑖

𝑁𝑖𝑣𝑁 𝑖→𝑁 𝑖

𝑁𝑖𝑚𝑋→𝑋

𝑣
𝑋𝑋→𝑁𝑖

𝑣
𝑋𝑁𝑖
→𝑋

𝑣
𝑋𝑋→𝑋

𝑣
𝑋𝑁
𝑖→𝑁 𝑖

NiFe
NiCu
NiCo

0.81
0.65
0.77

1.13
0.53
1.20

1.32
0.89
1.07

1.03
0.56
1.04

1.22
0.65
0.75

1.22
0.84
1.22

1.00
0.57
1.19

1.25
0.94
0.83

This analysis is conﬁrmed by looking at the long-time diﬀusion of a
monovacancy in the L10 NiCo alloy, starting from a perfectly ordered
system as presented in the left-handed panel of Fig. 3(c). Diﬀusion
shown here is over 70 s and 1200 steps is almost perfectly isotropic,
as indicated by a similar diﬀusion along the three axes. Looking at the
event’s characteristics (Fig. 3(f)), we note that, contrary to both NiFe
and NiCu, for which the system’s total energy does not evolve over the
simulation time scale, for NiCo, the total energy drops by more than
10 eV, over 70 s, as the vacancy diﬀuses around and disorders the alloy,
crossing barriers that vary by at most 0.30 eV, as a function of the local
environment, in agreement with recent DFT result that show antisites
are energetically favored in this alloy [34].
The diﬀusion behavior of vacancy in NiCu alloy is also diﬀerent from
the two other alloys. For this system, the evolution of this point defect
takes place almost isotropically, as indicated in Fig. 3(b), because of
similarities in barriers between the various mechanism and thus speciﬁc

pathway dominates: the lowest barriers correspond to a migration of Ni
vacancy from Cu to Ni plane and intraplaner Cu vacancy in Cu plane
with barriers of 0.53 and 0.57 eV, respectively. The migration of Ni or
Cu vacancy from a layer to another one of diﬀerent type require crossing
0.65 eV, higher than for the two other mechanisms, but still much lower
than for the two other alloys, and lower also than for pure copper with
an activation energy equal to 0.74 eV [35]. Fig. 3(e) shows that, contrary
to NiCo, disordering does not lower the total energy but takes place for
entropic gains. As for NiCo, however, the 1246 events taking place over
80 s in NiCu cross barriers that vary as a function of local chemical
environment, leading to the scatter observed in in Fig. 3(b).
3.2. Interstitial diﬀusion
For the three alloys considered, the interstitial atom shares a crystalline site with a lattice-atom, forming a dumbbell with a formation
578
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Fig. 3. Diﬀusion of vacancy in ordered L10 NiFe, NiCu and NiCo alloys. Left-hand-side panels (a,b,c): Square displacement (S.D.) as a function of time and lattice
directions (y and z represent the elemental planes, with x, pointing in the normal direction); right-hand-side panels (d,e,f): ﬁnal energy of each accepted event as a
function of initial energy, as measured from the ground state. The symbol color indicates the energy barriers as deﬁned by the scale on the right-hand side of the
graph. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article).

Table 4
Formation energies of mono-interstitial in L10 alloys as a function of dumbbell composition, orientation and belonging plane.
Letters p and h followed by an atom type means perpendicular and horizontal to the atom type plane, respectively. The presence
of an asterisk (∗ ) means that the dumbbell is unstable and that the energy given is for the nearest metastable state the system
relaxes into. All values are in eV.
Dumbbell composition

NiNi dumbbells

Belonging plane and orientation

pNi

hNi

pX

hX

NiX dumbbells
pNi

hNi

pX

hX

pNi

hNi

pX

hX

NiFe
NiCu
NiCo

3.14
1.36
4.09

3.38
1.22
3.32

3.32
1.39
3.00

3.59
1.40
3.48

3.82
2.40
5.50

3.90
1.98
3.34∗

3.62
2.02
4.46∗

3.63
2.31
5.54

4.48
2.92∗
5.06

4.26
2.84
4.89

3.72
2.86
5.80

4.27
3.44
6.17

energy that is inﬂuenced by the dumbbell composition, orientation and
its insertion plane, for a total of 12 theoretical diﬀerent conformations
for each alloy, as shown in Table 4, that provides the formation energy
for these various conﬁguration. For NiFe alloy, all twelve dumbbells can
be stabilized. This is not the case for the other alloys: the CuCu dumbbell
perpendicular to the Ni monolayer in NiCu as well as the NiCo dumbbells, either perpendicular to Co layer or in the Ni layer layer, and rather
ﬂip directly into a diﬀerent orientation or form a diﬀerent dumbbell.

XX dumbbells

As seen from this table, dumbbells are easiest to form in NiCu, often
by a considerable margin, while they are much less sensitive to environment for NiFe : 1SIA formation energies for NiCu, NiFe and NiCo
alloys are in the range of [1.22 eV,3.44 eV], [3.14 eV,4.48 eV] and
[3.00 eV,6.17 eV], respectively. For the three alloys, the NiNi dumbbell
is always more stable than dumbbells composed of Ni and the alloying
element in agreement with recent ab initio calculations [36]. They show
relatively narrow energy range as a function of their position (Ni or X
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Fig. 4. Diﬀusion of interstitial in ordered L10 NiFe, NiCu and NiCo alloys. Left-hand side panels (a,b,c): square displacement (S.D.) in Å as function of time and
directions; right-hand-side panels (d,e,f): ﬁnal energy as a function of initial energy, measured from the ground state. The symbol color indicates the energy barriers
as deﬁned by the scale on the right-hand side of the graph.
Table 5
Activation barriers of SIA diﬀusion by translation-rotation mechanism in NiFe alloy depending on dumbbell composition and plane
belonging. Barriers connecting in an unstable state are not indicated. Symmetrically-possible transition that do not exist due to instability of the initial or/and the ﬁnal state, or because of the need
for a non-available antisite in one of states are indicated as n/e. All
values are in eV.

plane) and orientation, except for NiNi with a parallel orientation in
the Ni plane for NiCo, that is 0.77 eV above the NiNi dumbbell with a
parallel orientation in the Co plane.
After characterizing the thermodynamical properties of 1SIA in the
three alloys, we turn to their kinetics and its eﬀects on their structure.
As shown in Fig. 4, the direction of 1SIA dumbbells migrations is alloy
dependent, leading to many more possible pathways, as suggested in
Table 5, which displays the activation barriers for SIA diﬀusion in NiFe.
Because of the complexity of the energy landscape associated with the
structure, however, many pathways — transition or ﬁnal states — that
would be present in pure Ni FCC are not found here: starting from the
expected ﬁnal state, the system relaxes in only a restricted number of
conﬁguration. For NiFe, (Fig. 5), the dominant diﬀusion movement is
a translation-rotation (also named shift-rotation [8]) mechanism in the
Ni plane with an energy barrier of 0.23 eV, starting from a dumbbell
parallel to the Ni plane. The perpendicularly oriented dumbbell, corresponding to the ground state, requires an additional 0.52 eV to turn.
Making a translation-rotation to reach the NiNi⟨010⟩Ni (or NiNi⟨001⟩Ni )
is easier than the direct translation from Ni plane to its nearest Ni
plane that cost 0.62 eV as energy barrier (not shown in the table).
Starting from NiNi⟨010⟩Ni , the complex can diﬀuse easily by successive

To\From

Ni plane

Fe plane

Ni plane

NiNi
NiFe
FeFe
NiNi
NiFe
FeFe

Fe plane

NiNi

NiFe

FeFe

NiNi

NiFe

FeFe

0.23
n/e
n/e
0.31
0.27
n/e

n/e
n/e
0.15
n/e
0.15
0.50

n/e
0.16
n/e
n/e
n/e
0.38

0.27
n/e
n/e
n/e
n/e
n/e

0.03
0.16
n/e
n/e
n/e
n/e

–
0.44
0.24
n/e
n/e
n/e

translation-rotation to reach NiNi⟨001⟩Ni (or vice versa) in Ni layer after
crossing 0.23 eV. The NiNi⟨010⟩Ni dumbbell (or NiNi⟨001⟩Ni ) can also
translate-rotate to form NiFe⟨010⟩Fe after crossing 0.27 eV. At 300 K, as
580
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Fig. 5. Shortest self-interstitial diﬀusion pathways in ordered NiFe (red) and NiCo (blue) alloys. (a) The ﬁrst (continuous line), the second (dotted line) and the third
(dashed line) dominant mechanisms. (b) Atomic arrangement in the ground (GS), metastable (Meta1 and Meta2) and saddle (Sad1 and Sad2 and Sad3 and Sad4)
states. Dumbbells can be seen as two atoms connected by an empty site. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article).

shown in Fig. 4(a), over a 10−7 s, the interstitial, diﬀuses essentially in
the Ni layer, a preference that decreased signiﬁcantly with temperature:
from 300 to 600 K, near the order-disorder temperature, the ratio between diﬀusion rates in the type layers falls from about 1 to 1000 to 1 to
30. At 300 K, the system diﬀuses mostly between states above GS — only
1% of the events are directly connected to the GS (where the systems
spends 56% of the simulation time). Most of the diﬀusion — about 70%
of the jumps — takes place along the the meta1-meta1 pathway deﬁned
in Fig. 5, with a 3.1 Å averaged displacement between minima. About
15% of the transitions take place through the meta1-meta2 pathway,
with jumps of 3.0 Å. From meta2, the transition symmetry prevents
the NiFe⟨001⟩Fe dumbbell to move directly to the ground state, it must
therefore go back to the meta1 state a step performed 14% of the time.
For NiCu, interstitial diﬀusion is also dominated by translationrotation mechanisms with migration barriers much lower than for NiFe
: between 0.03 and 0.16 eV, as indicated in Table 6. 1SIA diﬀusion is
therefore much faster than the case of NiFe alloy, taking place on picosecond timescale at 300 K, similar to interstitial diﬀusion in pure Cu
(0.11 eV) [37]. Contrary for NiFe, however, all diﬀusion directions are
almost equivalent and barriers do not depend strongly on the dumbbell
composition; this is reﬂected, in part, in the diﬀerent subset of accessible pathways for the 1SIA than observed in NiFe. The ﬁrst observed
mechanism that does not correspond to a translation-rotation is a direct
translation in ⟨100⟩ (or equivalent), with 0.39 eV barrier, signiﬁcantly
higher than the dominant ones. As shown in Fig. 4(b), diﬀusion in z direction is less probable than in plane due to a slightly larger distance
between atoms for this direction than in the others. With these barriers,
1SIA diﬀusion in NiCu is therefore almost isotropic contributing to the
disordering of the crystal.
For NiCo, NiNi crowdion motion dominates the diﬀusion as indicated
in Fig. 5. Starting from the GS characterized by ⟨100⟩Co NiNi dumbbell,
the defect go to a ⟨001⟩Ni NiNi dumbbell conformation (0.32 eV above

Table 6
Activation barriers of SIA diﬀusion by translation-rotation mechanism in NiCu alloy depending on dumbbell composition and plane
belonging. Barriers connecting in an unstable state are not indicated.
Symmetrically-possible transition that do not exist due to instability
of the initial or/and the ﬁnal state, or because of the need for a nonavailable antisite in one of states are indicated as n/e. All values are
in eV.
To\From

Ni plane

Cu plane

NiNi

NiCu

CuCu

NiNi

NiCu

CuCu

Ni plane

NiNi
NiCu
CuCu

n/e
n/e
n/e

n/e
n/e
n/e

n/e
n/e
n/e

0.04
n/e
n/e

0.16
0.03
n/e

n/e
0.08
n/e

Cu plane

NiNi
NiCu
CuCu

0.21
0.03
n/e

n/e
0.11
0.05

n/e
n/e
n/e

n/e
n/e
n/e

n/e
n/e
n/e

n/e
n/e
0.05

GS and characterized by a perpendicular dumbbell in Co layer) through
a translation-rotation after crossing a 0.43 eV barrier (Table 7). Once
in ⟨001⟩Ni , the dumbbell of NiNi adopts a crowdion conﬁguration along
the ⟨011⟩Ni direction (0.30 eV above GS), after crossing a small 0.03 eV
barrier and can then diﬀuse rapidly in the same direction (Ni plane)
crossing small 0.04 eV barriers or moving between ⟨011⟩Ni -crowdion
and ⟨001⟩Ni dumbbell states with a limiting barrier of 0.05 eV which
corresponds to a timestep of few picoseconds per jump. While these
states are well above GS, moving NiNi⟨001⟩Ni dumbbell back to ⟨100⟩Ni
is harder than the 0.11 eV would let expect as this jump can only take
place in the presence of a Ni antisite in the Co layer, as the NiCo not
only because it requires a higher barrier (0.11 eV), but also it requires
the existence of a neighbor Ni atom in Co layer to form. Without it, the
NiNi crowdion must go in a NiCo dumbbell in Co plane that is 2.54 eV
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Table 7
Activation barriers of SIA diﬀusion by translation-rotation mechanism in NiCo alloy depending on dumbbell composition and plane
belonging. Barriers connecting in an unstable state are not indicated.
Symmetrically-possible transition that do not exist due to instability
of the initial or/and the ﬁnal state, or because of the need for a nonavailable antisite in one of states are indicated as n/e. All values are
in eV.
To\From

Ni plane

Starting with the L10 NiFe phase, which is stable below 600 K, we
ﬁnd that the monovacancy diﬀuses preferentially in the Fe planes, due
to the slightly larger size of Fe atoms with respect to Ni. Since the
Ni layer is under tension, the vacancy rapidly jumps into the Fe lattice, creating an antisite, that lowers the tension while also diminishing
the compression in the Fe layer. Being conﬁned, predominantly, in the
Fe layer, vacancy diﬀusion does not aﬀect the chemical arrangement
of this structure, directly contributing to the observed stability of this
crystal structure from DFT calculations [24] and experimental evidence
[2,4].
For NiCo and NiCu alloys, for which the L10 phase is not observed
experimentally, the chemical order is not conserved because of quasiisotropic diﬀusion of vacancy. While NiCo disordering is dominated
by energy relaxation, however, the evolution is NiCu is purely entropic.
Interstitial diﬀusion is also dramatically diﬀerent in the three alloys
and are coherent with the eﬀects of vacancy diﬀusion. Contrary to vacancies, however, despite their similarities in terms of atomic size, interstitial migration pathways diﬀer between alloys. Indeed, dumbbells
in NiFe and NiCo alloys prefer to diﬀuse in Ni layers while the diﬀusion
is quasi-isotropic in NiCu. This quasi-isotropy leads to a 3D diﬀusion of
single defects in NiCu alloy, similar to what is observed in pure metals
[10]. The L10 NiCu is therefore unstable under the diﬀusion of single
vacancies and interstitials.
To a ﬁrst approximation, vacancy and interstitial diﬀusion results
can be explained by the size diﬀerence between the alloying elements
[39]. Since Fe, Cu and Co are larger than Ni atoms, we could expect, if
no other factor comes into play, the NiNi⟨001⟩ to present the highest stability as it makes us of the additional space along orientation. Fe being
signiﬁcantly larger than Ni, it is also natural to see, at low temperature,
the vacancy move and diﬀuse predominantly in the Fe plane and dumbbells be conﬁned to the Ni plane, making NiNi more stable than NiFe
and FeFe dumbbells. Similarly, since size mismatch between Cu and Ni
is only 2.5%, and both pure metals adopt the same fcc structure, we expect that both vacancy and and interstitial will move relatively isotropic
fashion. The same logic should apply to NiCo alloys since size mismatch
between Co and Ni is even smaller than between Cu and Ni. Electronic
diﬀerences, here, as captured by the EAM potential, as supported by the
agreement between our results and recent DFT calculation [34], seem to
play a more important role, with the energetic largely favoring random
conﬁgurations.
The complex self-interstitial diﬀusion mechanisms, observed in both
in NiFe and NiCo, however, are multi-step processes that involve longdistance motion through metastable states that are not directly captured
by a simple characterization of the energy barriers around GS conﬁgurations (Fig. 5). Self-interstitial diﬀusion is particularly intricate for NiCo,
where diﬀusion from the ﬁrst excited state, 0.30 eV above GS, is almost
barrier-less. Moreover, we ﬁnd that, for this system, the kinetics of SIAs
plays against the thermodynamics: while solid solution NiCo is more energetically favorable than L10 , the energy barriers considerably reduce
the disordering through SIA motion.
We can compare this with the NiCu system, were diﬀusion is a singlestep quasi-random process and takes place with translation-rotation
mechanism. The quasi-random criteria is explained by the almost equal
low diﬀusion barriers in diﬀerent directions.
The atomic-thin network of tension and compressions zones created
by size mismatch in the layer compounds is determinant the alloys’
structural evolution: in NiFe, for example, defect motion is essential constrained to atomic plans while, for NiCo, for example, vacancy diﬀusion
is mostly perpendicular to these planes, with macroscopic consequences.
Indeed, this in-Fe-plane movement behavior, for example, implies that,
in fcc L10 NiFe alloy, the dislocation glide a very low-probability process
and the climb is a dominant one. However, because of higher probability of inter-plane plane diﬀusion in NiCo alloy, the climb encouraged
against the glide.

Co plane

NiNi

NiCo

CoCo

NiNi

NiCo

CoCo

Ni plane

NiNi
NiCo
CoCo

n/e
n/e
n/e

n/e
n/e
n/e

n/e
n/e
n/e

0.43
n/e
n/e

2.41
0.15
n/e

n/e
0.12
n/e

Co plane

NiNi
NiCo
CoCo

0.11
0.19
n/e

n/e
0.20
0.79

n/e
n/e
n/e

n/e
n/e
n/e

n/e
0.13
0.39

n/e
0.14
n/e

Table 8
Eﬀect of single defect kinetics on ordered nickel-based alloys
at 300 K.
Single defect type/Disorder the alloy?

NiFe

NiCu

NiCo

Thermodynamically stable
Vacancy
Interstitial

Yes
No
No

No
Yes
Yes

No
Yes
No

above GS. At 300 K, once in meta1 state, the jump to meta2 is observed
14% of transitions (see Fig. 5). The other transitions, mostly connecting meta1 to meta1, involve the ⟨011⟩ diﬀusion of the NiNi dumbbell
associated with a 2.53 Å displacement of the center of mass through
crowdion motion in Ni layer; over the full simulation, we observe only
two jumps connecting the meta2 state to the ground state. The lifetime
of the ⟨011⟩Ni -crowdion is equal to 2 picoseconds; due to high instability
of the NiCo system, a many ﬂickering states are observe.
Kinetically, therefore, CoCo and NiCo dumbbells transform into
⟨001⟩Ni NiNi dumbbells, generating Co antisites, that cost 1.21 eV, to
reach the GS. From this point, diﬀusion is Ni dominated and restricted
to the Ni plane, maintaining the L10 crystalline structure, irrespective
of the initial interstitial. Due to symmetry of the system, a NiNi⟨001⟩
cannot translate-rotate to form the NiCo⟨100⟩, since this structure is unstable (Table 4). The GS can therefore only be reached in the presence
of a Ni antisite in the Co layer. These barriers explain why, if disordering NiCo lowers its energy, as seen previously, this does not take place
through interstitial diﬀusion on the 10−7 s timescale generated here at
300 K (Fig. 4(c) and (f)).
4. Discussion
Over the last few years, there have been signiﬁcant eﬀorts at
characterizing the stability and evolution of metallic alloys [6,36,38].
In particular, the possibility of growing L10 NiFe, an alloy that presents
promising magnetic properties, has caused many groups to address its
stability and the role of self-defect in the order-disorder transition [5,7–
9]. Running short high-temperature molecular dynamics simulations,
above the order-transition temperature, for example, Chakraborty et al.
identify a few barriers for vacancy for NiFe and show that disordering
takes place at various rates in diﬀerent alloys.
To fully understand the kinetic role of self-defects in the ordered
phase, however, it is necessary to reconstruct in more details the energy
lansdscape and follow the evolution of these defects on appropriate time
scale, that can be well beyond the reach of molecular dynamics. Using
the kinetic Activation-Relaxation Technique, we reconstructed the detailed energy landscape and kinetics of three fcc L10 alloys — NiFe, NiCo
and NiCu — around single vacancies and self-interstitials (see Table 8,
for a summary).
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bidimensional diﬀusion in NiFe alloy just was with the vacancy, and an
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