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Role of chemical disorder in slowing down diffusion in complex concentrated alloys
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The advent of multiprincipal element alloys (MPEAs) has sparked significant interest in physical metallurgy.
These alloys, distinguished by their high configurational entropy aimed at minimizing free energy, have raised
intriguing questions regarding the interplay of chemical disorder and chemical short-range order (CSRO) in
kinetics of MPEAs. Particularly, the widely assumed phenomenon of sluggish diffusion has come under scrutiny.
Here we employ atomistic simulations to quantitatively evaluate the impact of CSRO on diffusion in a represen-
tative medium-entropy alloy. We introduce a physical order parameter to establish a quantitative correlation
between CSRO and diffusivity. Surprisingly, our simulations suggest that CSRO, rather than chemical disorder,
serves to suppress and localize defect diffusion. The observed link between diffusion activation energy and CSRO
provides a rationale for the observed deceleration in diffusion due to chemical ordering. A linear relationship
between diffusion activation energy and activation entropy is unveiled, aligning with the Meyer-Neldel rule,
and replicating experimental results. These insights help clarify the intricate role of chemical disorder in plastic
deformation of chemically disordered materials.
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I. INTRODUCTION

Traditional metallic alloys historically involved adding di-
lute concentrations of alloying elements to a base metal.
However, in the past decade, there has been a transformative
shift in alloy design philosophy, focusing on exploring the
central region of multicomponent compositional space. This
innovative concept, known as chemically complex concen-
trated alloys, multiprincipal element alloys (MPEAs), or more
commonly, medium- to high-entropy alloys (HEAs) [1–3],
depending on the number of constituent elements, has gar-
nered significant attention in the fields of materials science
and condensed matter physics. MPEAs, often forming highly
concentrated single-phase solid solutions due to their elevated
configurational entropy, exhibit a plethora of exceptional me-
chanical and functional properties [4–10].

In the early stages of research, the prevailing notion was
that these alloys featured a random local environment, and
this led to the assumption of maximum configurational en-
tropy for phase stability. However, recent experimental and
simulation findings challenge this conventional wisdom by
unveiling the presence of chemical heterogeneity within these
multiconstituent alloys. This heterogeneous spatial distribu-
tion of elements results in the segregation of specific elements
and the emergence of chemical short-range order (CSRO).
It has become increasingly evident that CSRO exerts a pro-
found influence on the deformation mechanisms, strength,
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and ductility of MPEAs [11–16]. More recently, advanced
techniques such as atomic-resolution energy-dispersive x-ray
spectroscopy and energy-filtered transmission electron mi-
croscopy have enabled the direct observation of this local
chemical heterogeneity and exploration of its role in defor-
mation physics of these complex materials [17,18].

With the growing recognition of CSRO, it is natural to con-
sider an important transport phenomenon—diffusion, which
plays a crucial role in the plastic deformation of solids. Diffu-
sion is a fundamental process that greatly influences various
material properties, including creep resistance, radiation toler-
ance, phase transitions, and mechanical behaviors at elevated
temperatures [19]. Notably, all these properties are profoundly
affected by local chemical fluctuations [19–21]. Although the
concept of sluggish diffusion was initially proposed as a core
effect of HEAs, a unanimous consensus on the applicability
of sluggish diffusion to all systems or elements within HEAs
remains elusive [22–25]. Nonetheless, this concept has ignited
extensive fundamental research into diffusion in this new class
of materials.

From a microscopic perspective, self-diffusion in pure
crystalline metals, mediated by the random jump of vacan-
cies, is well understood. However, due to the different jump
probabilities of various species in MPEAs, local variation in
chemical composition leads to distinct and path-dependent en-
ergy barriers, resulting in inherently biased jump probabilities
[26]. Unfortunately, experimental methods for diffusion test
often conflict with the CSRO. Holding these materials for sev-
eral days at elevated temperatures (∼1000–1300 K) typically
yields nearly homogeneous alloys, diminishing the influence
of CSRO on diffusion outcomes [27]. As a pivotal initial
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FIG. 1. Emergence of chemical ordering. (a) Order parameter ϕ for samples prepared under different Monte Carlo temperature TMC. Insets
depict the corresponding atomic configurations. (b) Histograms representing the distribution of the order parameter in various configurational
spaces. (c) ϕ calculated by considering varying levels of nearest neighbors. (d) Spatial autocorrelation functions of the order parameter. (e)
Evolution of the Warren-Cowley parameters as a function of TMC. (f) ϕ versus the averaged absolute values of the pairwise Warren-Cowley
parameters.

step in comprehending the structure-property relationships, it
becomes imperative to uncover all significant mechanisms at
play, especially the role of CSRO within the first few nearest-
neighbor atomic shells, and to define these mechanisms in
physical terms.

Considering the characteristic size of chemical hetero-
geneity, molecular dynamics (MD) simulations offer an
advantageous approach for exploring the relationship between
diffusion and CSRO in a relatively clear state. Hybrid Monte
Carlo (MC)/MD simulations have revealed that CSRO re-
duces and localizes vacancy-mediated diffusion in CrCoNi,
MoNbTa [28], and CuNiCoFe MPEAs [29]. Machine learning
methods, including convolutional neural networks, have suc-
cessfully predicted path-dependent vacancy migration energy
barrier spectra with various compositions in MoNbTa MPEAs
[26,30]. However, these previous discussions have primarily
adopted a qualitative perspective, necessitating further quan-
titative insights. Our efforts aim to establish a quantitative
relationship between diffusivity and the extent of CSRO,
thereby providing clarity to the ongoing debate surrounding
sluggish diffusion in these complex materials.

In this study, we tackle this challenge by delving into
the vacancy diffusion mechanism within a NiCoCr medium-
entropy alloy using MD simulations. Utilizing a hybrid
MC/MD approach, we construct models with varying degrees
of CSRO, which exerts a decelerating effect on diffusion when
compared to the fully disordered state. Chemical order leads
to increased activation energy, consequently slowing down
the kinetics. Notably, varying CSRO allows one to observe an

intriguing entropy-enthalpy compensation phenomenon
within the kinetics of chemically disordered solids.

II. ATOMIC CHARACTERIZATION OF THE CSRO

A physical order parameter ϕ (at atomic scale) is used to
characterize the degree of CSRO, which can be defined by the
following equation:

ϕ = e〈−si〉, (1)

where si = −∑
xA ln xA is the Shannon entropy of the ith

atom and xA represents the concentration of element A in the
nearest neighbors. Averaging over all the atoms in the config-
uration gives rise to a sample-level degree of CSRO. Figure 1
attempts to illustrate the applicability of the order parameter.
Figure 1(a) shows how the ϕ is related to the configurations
obtained by hybrid MC/MD modeling at different annealing
temperatures (TMC). The value of ϕ corresponding to the most
ordered state and random disordered state is 0.455 and 0.368,
which have been annealed sufficiently at 300 and 1650 K,
respectively. A noteworthy trend is that ϕ decreases monoton-
ically from the most ordered (ϕ = 0.455) to the random state
(ϕ = 0.368) with increasing TMC. The dashed line in Figs. 1(a)
and 1(b) is the level of random solid solution. The trend is
consistent with previous studies [11,12,17,18], which suggest
that various CSRO persists across a wide range of TMC.

Figure 1(b) shows a specific distribution of the atomic scale
ϕi in configurations with different degree of the global chem-
ical order ϕ. With decreasing ϕ, the distribution of ϕi changes
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from multipeak nature to a single peak that corresponds to the
state of fully chemical disorder, along with the narrowing of
distribution. Interestingly, even in the most ordered configura-
tion (ϕ = 0.455), a considerable fraction of atoms has small
ϕi value comparable to random state. Meanwhile, even in the
random disordered configuration a small number of atoms still
have some chemical order with high ϕi. From distribution of
ϕi, we illustrate why an ideal random or completely ordered
MPEA solid solution is difficult to reach, as almost all ob-
served configurations possess partial CSRO.

In Figs. 1(c) and 1(d), we examine the short-range charac-
teristics of ϕ from two different perspectives: by considering
different shells of nearest neighbors and by assessing the
spatial correlation. Firstly, the order parameter ϕ mentioned
above only considers the nearest neighbor, while in Fig. 1(c),
additional shells including second nearest (NN2) and third
nearest (NN3) neighbors are also included. As the distance
increases to the third nearest neighbor, ϕi values rapidly de-
cay to indicate a fully disordered state. Secondly, the spatial
autocorrelation function of ϕ is calculated as follows:

Cϕ (r) =
〈
�ϕr0�ϕr0+r

〉 − 〈
�ϕr0

〉2
〈
�ϕr0

2
〉 − 〈

�ϕr0

〉2 . (2)

Here �ϕr0 = ϕr0 − ϕ represents the deviation of ϕ for the
ith atom at a reference position r0 from the sample-averaged
ϕ. Similarly, �ϕr0+r is the deviation for the atoms that are
r units away from the ith atom. The angle brackets denote
the ensemble average. The calculated spatial autocorrelation
function is presented in Fig. 1(d) as a function of the ith
nearest-neighbor distance, extending up to the 13th nearest
neighbor. The calculated spatial autocorrelation value ranges
from −1 to 1. A positive value indicates positive spatial
autocorrelation, suggesting that similar values tend to be clus-
tered together. Conversely, a negative value indicates negative
spatial autocorrelation, implying that dissimilar values are
clustered together. A value close to zero indicates no spatial
autocorrelation or randomness. As the distance increases to
the third nearest neighbor, Cϕ (r) rapidly decays to values close
to 0 and fluctuates around 0, indicating an uncorrelated state.
Both the results of Fig. 1(c) and 1(d) confirm the short-range
nature of the chemical order.

Moving forward, we emphasize the advantages of using
this physical order parameter ϕ, which offers a convenient and
quantitative means to measure the CSRO of the entire system
in an easily manageable manner. To illustrate this point, we
have computed the Warren-Cowley (W-C) parameter [31], a
commonly used descriptor of CSRO, as shown in Fig. 1(e).
Our results are consistent with those obtained by Li et al.
[14], which is expected since both sets of results are based on
the same interatomic potential. The W-C parameter is defined
by the formula αi j = 1− pi j

cic j
, where pi j is the probability

of finding a j-type atom among the neighbors of the i-type
atoms, and ci, c j are the concentrations of the corresponding
elements. For a random model, αi j is zero. For a specific pair,
for example, Ni-Ni atomic pair, a negative αi j suggests the
tendency of j-type clustering around an i-type atom while a
positive αi j means the opposite. This parameter is applicable
for describing the chemical order of a specific pair of ele-
ments. In a ternary system, six independent W-C parameters

are required to quantify the CSRO of the entire system, and
for a quaternary system, ten are needed. In contrast, the order
parameter ϕ provides a unique, universal measure regardless
of the number of principal elements. Finally, we compare
ϕ with the W-C parameters in an ensemble-average sense.
Figure 1(f) presents a quantitative comparison between ϕ and
the averaged absolute value of W-C parameters, denoted as ᾱ

(ᾱ = 〈|αi j |〉). The evolution trend of ϕ is in alignment with
that of ᾱ, suggesting a complementary relationship between
the order parameter and the commonly used W-C parameter.
In summary, order parameter ϕ allows for the quantitative
characterization of the overall degree of CSRO. Furthermore,
we speculate that ϕ can also facilitate direct comparisons of
CSRO among MPEAs with the same number of principal
elements but different species.

III. EFFECT OF CSRO ON DIFFUSIVITY

To begin with, we present the results of thermally activated
diffusivity for point defects within the alloy configurations.
Figure 2 depicts the mean-squared displacement (MSD)
curves for single vacancy migration. The slope of these
curves increases with rising temperatures, consistent with
the expected temperature-dependent effects on diffusion.
Figure 2(b) illustrates MSD as a function of time at varying
values of ϕ, while keeping temperatures constant. It is note-
worthy that the slope of the MSD versus time decreases with
increasing ϕ, indicating that CSRO hinders vacancy transport.
Notably, Figs. 2(a) and 2(b) reveal that the vacancy diffusion
process in the NiCoCr alloy follows a rugged MSD curve,
a striking contrast to conventional metals like Cu where the
MSD linearly evolves with time [32]. This observation is
further illustrated by the regions colored blue in Fig. 2(c)
with �MSD < 0 concerning the linear MSD with time, which
restrict vacancy diffusion when vacancies enter these local
regions. Conversely, diffusivity is enhanced when vacancies
move into low-barrier regions, depicted in red with �MSD >

0 in Fig. 2(c). The vacancy diffusion in MPEAs is significantly
more intricate, and intermittent vacancy progressions occur
when soft and strong bonding regions alternate in distribution,
as shown in Figs. 2(c) and 2(d). These findings underscore the
substantial impact of CSRO on vacancy diffusion in MPEAs.
CSRO not only impedes vacancy diffusion but also introduces
complexity into the MSD curves, reflecting the rough poten-
tial energy landscape and atomic environment within MPEAs.

In a conventional fcc crystal, vacancies are equally likely
to jump to any of the 12 first nearest-neighboring sites since
there are no distinctions among them. However, in MPEAs,
defect jumps are chemically biased due to restricted jump
directions and trial frequencies. A typical example is depicted
in Fig. 3, which illustrates diffusion trajectories for two mod-
els considered in this study: a random model (ϕ = 0.369)
and an ordered model (ϕ = 0.455) over the same time in-
tervals (1 ns), as shown in Figs. 3(a) and 3(b), respectively.
In the random model shown in Fig. 3(b), the vacancy trav-
els a relatively long distance, whereas in the ordered model
shown in Fig. 3(a), diffusion becomes spatially constrained.
The vacancy becomes trapped at certain sites for an extended
period, adjusting itself for further diffusion. Consequently,
the vacancy only covers a short distance before becoming
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FIG. 2. Chemical order suppresses diffusion kinetics. (a) MSD versus time in the same configuration (ϕ = 0.455) at varying temperatures.
(b) MSD for different samples (varying ϕ) at a fixed temperature (1550 K). (c) Residual MSD at ϕ = 0.455 and T = 1350 K, showing “fast”
regions colored in red (�MSD > 0) and “slow” regions (�MSD < 0). � denotes deviation from linearity. (d) Asymmetric distribution of
�MSD with ϕ = 0.455 and T = 1350 K, fitted by the extreme value distribution.

immobilized in the lattice near the starting point. This stark
comparison illustrates how local chemical fluctuations can
hinder defect motion, in agreement with MSD fluctuation
shown in Fig. 2. Crucially, it highlights the pronounced effect
of CSRO in localizing vacancy diffusion.

According to the Arrhenius equation, the kinetics of the
thermally activated defect diffusion can be determined using
the following equation:

D = D0 exp

(−�E

kBT

)
. (3)

Here, D represents the diffusion coefficient, D0 is the pref-
actor of diffusion including geometrical and entropic factors,
�E is the activation energy, kB is the Boltzmann constant, and
T is the absolute temperature. We directly obtain the diffusion
coefficients of single vacancies from the plots in Fig. 2 using
Eq. (5) in Appendix B (see the details of calculation methods
in Appendix B). The results are presented in Fig. 4(a), con-
sidering three different states: the ordered (ϕ = 0.455), the
partially ordered (ϕ = 0.399), and the random (ϕ = 0.369).
In the atomic models, for vacancy diffusion, the diffusion
coefficient D is the lowest in the ordered model across the

FIG. 3. Trajectories of vacancy diffusion for two specific configurations with ϕ = 0.455 (a) and ϕ = 0.369 (b) at 1300 K over a uniform
time interval of 1 ns. Trajectories are color coded based on diffusion time. The starting and ending points are marked by blue and red arrows,
respectively.

033607-4



ROLE OF CHEMICAL DISORDER IN SLOWING DOWN … PHYSICAL REVIEW MATERIALS 8, 033607 (2024)

FIG. 4. (a) Arrhenius plot illustrating diffusivity for samples
with different values of ϕ, encompassing ordered, partially ordered,
and random alloys. (b) Activation energy versus annealing temper-
ature TMC. Inset displays the correlation between activation energy
and the degree of CSRO ϕ.

entire temperature range considered, followed by the partially
ordered model, and finally the random model. The results
clearly demonstrate that local chemical order suppresses va-
cancy diffusion in MPEAs. It is worth noting that values of D
obtained through simulations are several orders of magnitude
larger than those reported in experimental data [33]. This
discrepancy is expected because the vacancy concentration
in our model (C = 2.5 × 10−4) is significantly higher than
the equilibrium vacancy concentration in the experimental
sample, particularly at low temperatures. For example, if one
calculates the equilibrium vacancy concentration using the
average formation energy Ef (= −1.67 eV) as Ceq = exp( −Ef

kBT )

at T = 1300 K, the calculated value yields Ceq = 3.3 × 10−7,

which is orders of magnitude smaller than that in our atomic
model.

To gain further insights into the influence of CSRO on
diffusion, we also present the activation energies obtained
from Arrhenius fitting in Fig. 4(b). In this presentation we
use the Monte Carlo temperature as an indicator of CSRO

FIG. 5. Correlation between diffusion prefactor D0 and activa-
tion energy �E , indicating the existence of the Meyer-Neldel rule in
MPEAs.

to clearly demonstrate the relationship between CSRO and
diffusivity. As observed, this relationship exhibits a linearly
descending trend, highlighting the inverse correlation between
CSRO and activation energy. The inset provides an additional
perspective by illustrating the relationship between activation
energies and ϕ, revealing a nonlinear scaling relationship
characterized by increasing activation energy with formation
of chemical order. The observation of the CSRO’s effect on
activation energies aligns with our findings related to diffusion
coefficients. Specifically, we note that the activation energy
decreases as we progress from the ordered model to the par-
tially ordered model and finally to the random model. Overall,
CSRO renders vacancy diffusion energetically unfavorable,
as evidenced by the highest activation energy in the ordered
model. This increased activation energy has something to
do with the enhanced dynamic heterogeneity in point defect
diffusion, indicating reduced randomness. Considering the
impact of CSRO on MSD, diffusion trajectories, and tracer
diffusion coefficients, we conclude that CSRO indeed con-
strains and localizes defect diffusion. This restriction arises
from the fact that the migration energy is elevated by the
presence of local chemical order.

To delve further into the physical aspects, we turn our at-
tention to the relationship between activation energy �E and
the diffusion prefactor D0, which is connected to entropy—
an aspect seldom discussed in the limited literature but one
that holds critical significance for diffusion in high-entropy
materials. Through Arrhenius analysis, we have obtained a
set of activation energies and prefactors in the calculations.
Figure 5 presents a correlation plot between ln D0 and �E for
NiCoCr systems with varying degree of CSRO. Remarkably,
we observe a linear relationship, consistent with experimental
measurements in a CoCrFeNi MPEA [34]. This linear scaling
can be described as

ln D0 = (−6.74 ± 0.50) + 4.97�E . (4)

Here D0 and �E are expressed in units of m2/s and eV,
respectively. The prefactor D0 can generally be presented in
the form ln D0 = c + �S

kB
, establishing a corresponding re-

lationship between D0 and the diffusion activation entropy
(�S). The linear correlation implies that the configurational
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disorder (via ϕ) is closely related to its vibrational counterpart
(via thermal activation of diffusion) in MPEAs. This empirical
linear relationship is known as the Meyer-Neldel rule (MN
rule) or compensation law in multidisciplinary fields. It has
been observed across a wide range of physical and chemical
kinetic processes but has been rarely reported in deformation
of MPEAs. Notably, the coefficient of �E in Eq. (4) cor-
responds to 1/kBTMN, where TMN denotes the Meyer-Neldel
characteristic temperature. For NiCoCr, the value of TMN is
2335 K, which is higher than the melting point.

The applicability of the MN rule indicates the existence
of an empirical enthalpy-entropy compensation in kinetics of
MPEAs, such as the NiCoCr system studied in this work. This
correlation unveils a complex scenario in diffusion kinetics,
where diffusivity is not solely determined by activation energy
but instead a combined function of activation energy and the
preexponential factor, which in turn depends on activation
entropy (�S). As a result, it becomes imperative to give due
consideration to �S in the description of diffusion kinetics of
chemically complex crystals. Moreover, the MN rule implies
that �S can be roughly approximated by �E/TMN, where
the value of TMN can serve as a reference for other thermally
activated processes in materials. For instance, in our previ-
ous study of dislocation nucleation within the same NiCoCr
system, we obtained a similar value of TMN = 2223 K [35].
This suggests that different forms of plastic deformation in
high-entropy materials may share similar physical origin in
terms of thermodynamic characteristics.

IV. CONCLUSION

In summary, our investigation has delved into the impact
of CSRO on point defect diffusion within a model NiCoCr
MPEA through the application of hybrid MC/MD simula-
tions. We have quantified the degree of CSRO through the
introduction of a physical order parameter. By comparing
MPEA configurations with varying levels of CSRO, we have
revealed that vacancies tend to become trapped in low-energy
regions, resulting in increased activation energy and localized
diffusion trajectories. These observations underscore the in-
herent ruggedness of the potential energy landscapes within
MPEAs due to their complex chemical environments. The
atomistic simulations unequivocally demonstrate that CSRO
exerts a suppressing and localizing effect on single vacancy
diffusion, and this effect becomes more pronounced with
increasing CSRO. This leads us to posit that the traditional
potential energy landscape may not be adequate to elucidate
the sluggish diffusion phenomenon in MPEAs, as CSRO can
similarly contribute to this effect. Furthermore, our findings
highlight an intriguing enthalpy-entropy compensation phe-
nomenon, shedding light on the pivotal role of entropy in
the materials kinetics of high-entropy alloys. These atom-
istic insights not only elucidate the critical role of chemical
disorder in diffusion within crystalline MPEAs but also pro-
pose potential thermal processing strategies for tailoring the
mechanical properties of these chemically complex mate-
rials. The annealing-temperature-dependent manipulation of
CSRO emerges as an effective strategy for property control in
MPEAs, offering avenues for materials design and optimiza-
tion in this exciting class of alloys.
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APPENDIX A: HYBRID MC/MD APPROACH

To prepare samples of CoCrNi with various degrees of
CSRO, the hybrid MC/MD method is applied to the bulk
material without the presence of any defect. The annealed
cell is initially created with a random distribution of elements
at the desired equimolar composition. Then the samples are
annealed using a hybrid MC/MD approach. The Monte Carlo
scheme mimics diffusion by allowing for an exchange of any
pair of distinct species (a swap) inside the lattice, meanwhile
the overall concentration is kept constant throughout. One MD
operation (containing ten MD steps) under NPT conditions is
inserted between two MC steps to relax any local residual
stress due to the swaps in the system. By combining a MC

FIG. 6. Convergence of potential energy during the annealing
procedure at 400 K (a) and 800 K (b), respectively.
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interspecies move with MD, a representative structure at a
fixed concentration isobaric-isotherm ensemble is obtained.
By adjusting the annealing temperature of the hybrid MC/MD
samples with specific Monte Carlo temperature TMC (make
a distinction of the real MD temperature in diffusion) vary-
ing from 300 to 1700 K, a total of 15 configurations with
different extent of CSRO are prepared. To evaluate the conver-
gence of the annealing procedure, we monitored the potential
energy per atom as a function of the number of attempted
swaps or simulation time (Fig. 6). The annealing process
was concluded when a satisfactory level of convergence was
achieved, typically after approximately 500 000 MC steps
were attempted across the entire system.

Convergence testing confirms that a model size of 4000
atoms results in a reliable value of chemical order. In a larger
model comprising 32 000 atoms, there is only a minor dif-
ference of less than 2%, with ϕ = 0.4199 for the 4000-atom
model and ϕ = 0.4119 for the 32 000-atom model.

APPENDIX B: ATOMISTIC SIMULATION OF DIFFUSION

MD simulations were performed using the LAMMPS pack-
age [36]. A recently developed density functional theory
calibrated embedded-atom potential for NiCoCr MPEA by Li
et al. [14] is adopted to describe the empirical force fields.
The periodic dimensions of the simulation cell in an fcc
lattice use a simple orthogonal coordinate system such as
x = [100], y = [010], z = [001]. Each dimension contains
ten lattices, for a total of 4000 atoms in the simulation cell.

The diffusivity of an MPEA model is investigated by
removing one atom within the cell randomly to produce a
vacancy. The diffusion kinetics in NiCoCr models are per-
formed over a wide temperature range of 1300–1550 K with
intervals of 50 K. Before the measurement of diffusivity,
all the cells were thermally equilibrated for 100 ps at each
specific targeted temperature by using the Nose-Hoover ther-
mostat within an isobaric-isothermal ensemble. Then MD
simulation is performed for 40–60 ns, depending on the tar-
geted temperature, which allows one to reach the effective
diffusion coefficient [32]. The diffusivities are determined
by linearizing a plot of MSD versus time, with the cutoff
time where the linear relation has been well established. The
slopes of these well-defined linear relations provide quantita-
tive information for the diffusion coefficients by the Einstein
relation:

D = 〈|r(t ) − r(0)|2〉
6t

, (B1)

where the numerator 〈|r(t ) − r(0)|2〉 denotes MSD, and r(t )
and r(0) are the positions of atoms at times t and t = 0,
respectively. The MSD is shown as a function of time at
different temperatures and different CSRO, respectively. The
defect trajectory is recorded as a sequence of defect position
after each jump. To extract diffusion trajectory, we locate the
vacancy position at each step via the Wigner-Seitz defect anal-
ysis. The software OVITO is adopted to visualize the atomic
configurations [37].
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