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Variations in diffusion rates of simple point defects, such as vacancies and interstitials, are generally as-
sumed to be dominated by energy barriers, as demonstrated for example by the large number of kinetic
Monte Carlo studies that rest on constant rate prefactors. While this is mostly correct when energy barri-
ers are well separated from each other, typically in crystals, entropic variations between the local minima
and associated activated states become increasingly important as energy barriers of diffusion-mediating-
mechanisms get closer, typically in disordered environments. The unexpected slower defect diffusion ob-
served in high entropy alloys, which are characterized by the presence of a large number of different
elements in roughly equal proportions, has brought us to revisit the role of prefactors. Combining the
Activation-Relaxation Technique nouveau (ART nouveau) and the harmonic approximation for computing
diffusion prefactors, we find that vacancy diffusion prefactors in a 55Fe-28Ni-17Cr concentrated solu-
tion alloy modeled with EAM empirical potentials can vary by up to six orders of magnitude, at almost
constant energy barrier. This variation, mostly associated with changes in local pressure, suggests that
prefactor could play a much more important role than previously thought in the defect kinetics of high

entropy alloys and of disordered systems in general.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

High-entropy alloys (HEAs) - containing five or more differ-
ent atomic species at roughly equimolar concentrations - have at-
tracted a large amount of scientific interest recently, sparked by
their promising physical and mechanical properties. This discov-
ery has revived the interest in concentrated solid solution alloys
(CSAs) with more than two elements, as model alloys for funda-
mental investigations on HEA and also on more general complex
concentrated alloys (CCA).

These random solid solutions, which can form single phase
face-centered cubic (fcc) or body-centered cubic (bcc) crystals,
have shown high resistance to ion irradiation [1] and possibly to
corrosion [2,3]. Due to the richness of their composition, specific
properties can be tuned by adjusting the concentration of the dif-
ferent components. For instance, enhancing the nickel proportion
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in iron-nickel-chromium alloys has been linked to the increase of
their hardness while enhancing the percentage of chromium has
been found to improve their oxidation resistance and, to some ex-
tent, also increase their hardness. These properties would make
HEAs with a high ratio of nickel and chromium peculiarly well
suited for uses in next-generation nuclear power plants.

Four mechanisms have been pointed out to explain the unique
properties of these novel alloys, namely: the high entropy of the
alloy (to a lesser extent in CSAs than in HEAs), the cocktail effect,
a significant lattice distortion, and an observed sluggish internal
diffusion [4]. These mechanisms remain debated in the literature,
in part because a microscopic justification for these is still largely
missing.

A particularly puzzling property of high-entropy alloys is the
reduced defect diffusion rate with respect to pure systems [4],
although this observation remains under debate [5-9]. Sluggish
diffusion can be defined as "when the diffusion coefficients are
smaller than those of pure metals and conventional alloys.” (see
Zhang et al. [10], for instance). As stated, this reduced diffusion
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corresponds to a non-monotonic behavior (in fact, the presence of
a minimum) of the tracer self-diffusion coefficients [11]. Using a
variety of KMC detrapping techniques, with constant prefactor as-
sumptions, Ferasat et al. concluded that this monotonic behavior
could be explained, not only by geometric percolation, but also by
composition and local environment dependence on migration en-
ergies. Other recent work suggests, rather, that this phenomenon
cannot be explained by a change in the diffusion energy barrier
due to the disorder. Recent experimental [12] results in particu-
lar have shown that both the vacancy enthalpy formation and dif-
fusion activation energies are similar in the alloy and in the re-
lated pure metals. High-temperature molecular dynamics and low-
temperature off-lattice kinetic Monte Carlo, using k-ART [13,14],
with fixed prefactor, also found that vacancy diffusion coefficients
in a binary NiFe alloy lied in between those of pure Ni and pure
Fe. In addition, the results of these simulations suggest that, un-
der irradiation, the microstructural evolution of concentrated al-
loys should be qualitatively different from that of dilute alloys [15].
Other recent simulations, also carried out with empirical poten-
tials, showed a distribution of formation energies and diffusion
barriers across the modelled samples, yet without clear link to dif-
fusion [16].

In line with the general work on point defect diffusion in solids,
while much attention has been given to understanding the effect
of alloying in defect energy formation and activation barrier, most
studies, including the KMC simulations mentioned above [11,15],
assume that the diffusion prefactor varies little with respect to the
exponential Boltzmann factor. Yet, recent experiments suggest that
entropy affects diffusion in HEA [9]. Moreover, as demonstrated re-
cently in amorphous and glassy materials, and as confirmed in this
study, prefactors can exhibit a wide dispersion even for similar en-
ergy barriers [17].

In this work, we turn our attention to the reduced diffusion ob-
served in these systems as compared with pure elements and ex-
plore how this observation could emerge from the variations in the
energy landscape associated with chemical disorder. More specifi-
cally, we focus on the role of the diffusion prefactor, which is gen-
erally considered constant in point defect diffusion. Recent char-
acterization of prefactors for large sets of barriers in glasses and
amorphous systems, by some of us, has shown unexpected vari-
ations in this quantity for highly disordered materials [17]. While
connecting these variations to atomic diffusion is extremely com-
plex in amorphous solids, where diffusion proceeds from a wide
diversity of local mechanisms, we expect such a connection to be
more tractable in high entropy alloys. Indeed, being solid solutions,
these solids have a much simpler energy landscape, and defect dif-
fusion therein involves a finite set of mechanisms similar to those
in pure crystalline systems.

To explore the role of diffusion prefactors, we model a
55Fe-28Ni-17Cr concentrated solution alloy using embedded-
atom method empirical potentials (EAM). We use the Activation-
Relaxation Technique (ART nouveau) [18,19] to sample the energy
landscape and compute the transition rate I" for each specific
event using the harmonic Transition State Theory (hTST) [20].

In Section 2, we detail the simulation approach and the selected
empirical potential used. The nature of the energy landscape, in-
cluding energy barriers and prefactors, as well as correlation be-
tween those, are explored in Section 3. Finally, we discuss the sig-
nificance of these results in Section 4.

2. Method
2.1. ART nouveau: identifying events and computing prefactors

Events are generated with the Activation Relaxation Tech-
nique nouveau (ARTn) [18,19,21], with force calculations obtained
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through LAMMPS running as a library [22,23]. Displacements cen-
tered on all first, second and third-neighbour atoms surrounding a
vacancy are generated in random directions to build an extensive
catalog of events containing the initial, saddle and final configu-
rations. For each event, the prefactor is computed within the har-
monic approximation as described in Eq. (2) or given a constant
value of 1013s-1,

The use of a fixed prefactor, or attempt frequency, set around
103s~1, is a simplification that has been shown to hold in several
systems, including for the ab initio study of vacancy diffusion in
Si [24], relaxation mechanisms in Stillinger-Weber amorphous sili-
con [25], and adatom diffusion on Cu and Ag surfaces [26]. More
specific to the system of interest here, it is also compatible with
pre-exponential factors for diffusion in iron obtained both from ex-
periments [27] and simulations [28].

Combining the prefactor with the energy barriers, we obtain
the total rate associated with moving out of the current config-
uration. To facilitate the management of the catalog and ensure
that specific events are only counted once, we use, more specif-
ically, the kinetic Activation-Relaxation Technique (k-ART) pack-
age [13,14] and launch 10 event searches per unique topology for
atoms surrounding the vacancy. This value ensures a rich sampling
of the energy landscape surrounding the vacancy.

The harmonic Transition State Theory (hTST) [20] defines the
transition rate as a function of temperature T as
I'(T) = vyrsre (Eskﬁgm)’ (M
where and E; and E, are the configurational energies at the saddle
point and the minimum, and vy, the hTST attempt frequency, is
given by

N m
I
VhrsT = 3 (2)

I v
i=1

where v} and v/, are real vibrational frequencies at the saddle
point and the minimum, respectively, and are obtained by com-
puting the dynamical matrix
1 92V
Digjp = ———= 55—
J/Mmim; 8X1.a8Xj,ﬂ
where i, j run over all atoms, «, 8 are the cartesian coordinates
(x,¥,2), V is the interaction potential, and m; the atomic mass.

In this paper, the matrix is obtained through a centered-finite
difference formulate with small finite displacements of 0.01 A, for
this potential, selected to converge the prefactor. The exact step
size for this discrete derivative depends on the roughness and cut-
offs of the potential. In this cases displacements within a factor
two around this value give the same result. Frequencies correspond
to the square root of the dynamical matrix eigenvalues.

3)

2.2. Simulated systems

A cubic box of a face-centered cubic high-entropy solid solu-
tion alloy of 2048 atoms (8 x 8 x 8 cells), with periodic bound-
ary conditions, is generated by randomly placing iron, nickel and
chromium atoms on the lattice in a proportion of 55% of iron
(1126 atoms), 28% of nickel (573 atoms) and 17% of chromium (349
atoms). The resulting system is then relaxed statically at T = 0 and
P = 0 with LAMMPS resulting in a lattice constant of 3.5501A.

One atom is removed at random from the simulation box to
create a vacancy. This process is repeated 22 times leading to 22
different cells of 2047 atoms with one vacancy each.

Each of the 22 systems is evolved for 1 KMC step. Such step
encompasses the construction of the respective event catalog asso-
ciated with each specific vacancy configuration for a total of 243
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Table 1

Chemical potential of each species in the studied concen-
trated solid-solution alloys (CSA) and in the pure substance
(PS) computed with the procedure developed in Ref. [32].

Chemical Potential (eV)

Element CSA PS

Fe -4.34 £+ 0.02 -4.399
Ni -4.41 £ 0.02 -4.446
Cr -3.49 £ 0.02 -4.199

events, the computation of prefactors for all these events, the eval-
uation of a time step the selection of an event with the appro-
priate probability and the execution of this event. Here, we focus
only on the event catalog and associated prefactors. These cata-
logs include mostly first-neighbor jumps into the vacancy, as well
as some more complex events. Only events with a barrier less
than 5 eV are included. These catalogs form the basic data set for
analysing the variations of pre-exponential factors and transition
rates with the type of vacancy created and its local environment
at the initial minimum and the saddle point.

2.3. Empirical potential

Among the most popular Embedded Atom Method (EAM)
potentials for the iron-nickel-chromium alloy, the FeNiCr-2011
[29] and the FeNiCr-2013 potentials [30], both from Bonny et al.,
are often considered. Both potentials reproduce very well the co-
hesive energies and elastic constants experimental and DFT values
for a large selection of FeNiCr compositions. The first potential also
reproduces very well the stacking fault energies and it was origi-
nally designed to study the mobility of dissociated dislocations in
the 70Fe-10Ni-20Cr alloy. The second potential is less reliable to
that concern, as it was rather optimized for the diffusion of point
defects in the same alloy: for selected compositions, formation en-
ergies of points-defects and their clusters are well reproduced, as
well as the expected hierarchy of self-diffusion coefficients D¢, >
Dp; > Dpe and their evolution with composition [30,31]. For this
reason, we select the Bonny et al. FeNiCr-2013 EAM potential.

2.4. Formation energy

To compute the formation energy, we first compute the chemi-
cal potential for species in the alloy. To do so, we follow the pro-
cedure developed by some of us in Piochaud et al. [32]. Unlike
in [32], however, here we compute the energy of every possible
atomic switch. Thus, the minimal energy of the distributions used
are not estimates but the real minimum of the distributions. These
values are then used to compute the formation energy of the va-
cancies and errors are estimated by recomputing the values using
the second lowest energy in the distribution. The chemical poten-
tial for each species computed in the solid solution and in a pure
substance are presented in Table 1. The iron and nickel chemical
potentials are only slightly higher in the alloy than in a pure sub-
stance while the chemical potential for the chromium is signifi-
cantly larger in the alloy than in the pure substance. This indicates
a segregation force for chromium.

3. Results

The exploration of the energy landscape associated with the
jump of a single vacancy generated from the 22 different initial
states produces 243 different events. These are defined by the ini-
tial state, the configuration at the saddle point and that at the fi-
nal minimum. For each event, we compute the prefactor within the
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Fig. 1. Prefactor computed within the scope of the harmonic Transition State The-
ory plotted against the energy barrier of the event. The black line represents the
prefactor value (10" s~1) typically used in KMC simulations.

scope of the harmonic Transition State Theory (hTST), as described
previously.

Fig. 1 plots the hTST prefactor as a function of the energy bar-
rier of the events. Three groups of barriers can be distinguished. A
first one, around 1 eV is associated with the jump of the vacancy
to a nearest-neighbour site. The barriers around 2 eV include either
jumps to unstable positions or to a first-neighbour site, through a
higher energy barrier; finally, the events at 5 eV, just below the
barrier threshold that we use to focus on the lower energy bar-
rier events, is associated with a jump to a second-neighbour site
through a high-barrier saddle point.

We observe a wide distribution of prefactors within each cat-
egory of jumps, with prefactors varying by up to four orders of
magnitudes for events around 1 eV and more than 6 orders of
magnitude for events of similar barriers around 2 eV. For exam-
ple, the jump of a chromium atom over a 0.882 eV barrier is as-
sociated with a transition rate of 8.7 x 108s~1, while two other
events with close (low) barriers and associated with Fe and Ni
diffusion, respectively, are activated at rates of 342 x 108s~! and
1225 x 108s~1, respectively. This difference in prefactors is also ob-
served for vacancies of the same atom species: two similar events
involving a Fe jumping, with a barrier of 0.913 eV, have a rate that
differs by a factor of more than 300.

While the dispersion is broader for events around 2 eV, the
prefactors just below 5 eV are particularly low. This suggests an
anti Meyer-Nelder law, or negative enthalpy-entropy compensa-
tion, as observed for some metallic alloys in Ref. [17], where it was
shown that this relation holds in average, while allowing large dis-
persion in small energy barrier intervals.

Within the harmonic approximation, the prefactor is deter-
mined by the ratios of vibrational frequencies at initial minimum
over vibrational frequencies at the saddle point. The change of
vibrational frequencies under a local deformation is an intricate
function of the interatomic interactions, the solid’s microstructure
and the deformation features, so in view of identifying the main
factors that contribute to the observed dispersion of prefactors, we
start by looking for possible correlations with chemical and struc-
tural properties of local environments.

We replot the prefactor vs. energy barrier figure with events
now colored according to the number of Fe (Fig. 2, top panel), Ni
(middle panel) and Cr (bottom panel) atoms in the first shell sur-
rounding the vacancy, and with the two points around 5 eV re-
moved to focus on the lower barriers. These figures show the wide
variation of initial local environments for the 22 simulated cells:
the number of Fe atoms in the first shell varies between 2 and 9
among the 12 first neighbours, that of nickel between 0 and 8 and
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Fig. 2. hTST prefactor plotted against the energy barrier of the event. The points
are colored as a function of the number of Fe atoms (top panel), Ni atoms (middle
panel) and Cr atoms (bottom panel) in 1st neighbor position around the vacancy.
The black line represents the prefactor value (10" s1) typically used in KMC sim-
ulations.

that of chromium between 0 and 5. They do not show any correla-
tion between prefactors and the chemical environment in the first
shell surrounding the vacancy.

We did not find any more correlation when looking at the envi-
ronment beyond the first vacancy shell up to the 2nd, 3rd and 4th
neighbors of the vacancy (not shown, as they are similar to those
presented for the first neighbour shell). We also observed the same
absence of correlation between the prefactor and the chemical na-
ture of the diffusing atom (Fig. 3).

We now evaluate whether the hTST prefactor is influenced by
the formation energy of the vacancies, which offers a measure of
the local strain. Fig. 4 represents prefactors as a function of va-
cancy formation energies. Each vertical row of points of a given
color represents the prefactor values of every event found in one
of the 22 initial systems. As previously, we find no correlation be-
tween the value of the computed prefactor and the formation en-
ergy of the vacancies: from the same energy minimum, the prefac-
tor value can vary by multiple orders of magnitude independently
of the formation energy.

Altogether, the absence of correlation between the prefactor
and the local minimum structure, whether characterized through
vacancy formation energy, nature of the vacancy or local chemi-
cal environment, suggests that the origin of the wide dispersion of
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Fig. 3. hTST prefactors (s~!) as a function event barrier (eV) for vacancy diffusion
events in a 55Fe-28Ni-17Cr high entropy alloy, starting from 22 different initial con-
figurations. The points in blue represent Cr atoms moving in the vacancy site, in red
Fe atoms and those in green Ni atoms. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. hTST prefactor as a function of the vacancy formation energy for the 22
cells created. The points in blue represent Cr vacancies, in red Fe vacancies, and
those in green Ni vacancies. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

rate prefactors cannot be simply explained by the local environ-
ment in this system.

The spread in the hTST prefactor for events starting from the
same local environment can only be explained by variations in the
vibrational spectrum at the saddle point, which appears at the de-
nominator in Eq. (1). While the chemical nature of the atoms mov-
ing into the vacancy could affect the lattice at the saddle point
and, therefore, the vibrational spectrum, a plot of the prefactor as a
function of energy barrier and the chemical nature of the atom dif-
fusing into the vacancy, shown Fig. 3, does not reveal obvious cor-
relations between the diffusing atom and the prefactor. This sug-
gests that correlations are associated with a more global quantity.

To capture this effect, we evaluate the local pressure around the
vacancy at the saddle point using LAMMPS to extract the stress
tensor of the atoms within 4 A of the defect. The stress tensor is
then used to compute the local pressure at this point. The prefactor
value is plotted against the local pressure at the saddle point on
Fig. 5 and shows a clear correlation in spite of significant disper-
sion. Negative pressure associated with a "pull” on the local atoms
leads to a higher prefactor, while a positive pressure, indicative of
a local environment under compression, comes with lower prefac-
tors on average.

This correlation between pressure and prefactor is compati-
ble with a recent analysis of the physical origin of the enthalpy-
entropy compensation law [17]. Building on a millions of events
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of this article.)

computed on four different systems, it was shown that compres-
sion at the saddle point leads to shifts in the vibrational frequen-
cies to higher values and, therefore, a decrease in the prefactor.
Because a number of parameters impact the vibrational spectrum,
this trend is only true on average, with considerable dispersion as-
sociated with more subtle effects associated with the specificities
of the local environment.

4. Discussion and conclusion

Here, we examined the diversity of prefactors in a concentrated
alloy representing a solid solution of high entropy model alloy
composed of similar size atoms using an empirical potential ad-
justed to reproduce the point defect formation energy and diffu-
sion [30]. Because of this similarity, diffusion prefactors for a va-
cancy in this system could be assumed to show relatively small
dispersion when compared to that observed in glasses. Yet, as
shown in Fig. 2, which plots the prefactor as a function of en-
ergy barrier, and Fig. 6, which shows the total rates including the
hTST prefactor, as defined by Eq. (1), against the ones computed
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with a constant prefactor (bottom axis) and the energy barrier
(top axis), the distribution of prefactors for similar barriers is quite
broad, reaching four to six orders of magnitude, and is centered
around an average prefactor of 10!'s~1, significantly lower than the
102 — 103s~1 normally used in KMC simulations.

Detailed analysis demonstrates that it is difficult to link the
variation in prefactors to precise geometric and chemical proper-
ties as there are no manifest correlations with the chemical iden-
tify of diffusing atoms nor with the local environment surround-
ing the vacancy, which suggests that a combination of factors are
at play here. Indeed, only the local pressure at the saddle point,
does indicate some degree of correlation, with increasing local
pressure decreasing prefactor. This result indicates that the vari-
ation in prefactors is controlled, at least in part, by the defor-
mations at the saddle point, irrespective deformations at the ini-
tial minimum. It is compatible with the conclusions from recent
study of the law of compensation in glasses and amorphous sys-
tems [17,33] where dense and rigid systems, such as Lennard-
Jones glasses, were shown to display an anti-compensation behav-
ior controlled by the nature of the saddle point.

The large distribution of transition rates around a given defect
for similar mechanisms and barriers inevitably impacts the diffu-
sion kinetics in high entropy systems. Indeed, it introduces signifi-
cant biases in the sampling of events with similar energy barriers:
as can be seen in Fig. 6, a particular event might be activated once
every 10,000 times compared to an event with almost the exact
same barrier when taking into account the hTST prefactor. There-
fore, while an error on the transition rate only affects the value
of the diffusion coefficient in a pure element system, where diffu-
sion proceeds through a single mechanism, discarding variations of
prefactors in high entropy alloys will most likely lead to unrealistic
diffusion pathways. More work is needed to fully assess how the
distribution of prefactors impact kinetic measurements.

In itself, this observation calls for more detailed analyses of the
variations of prefactors around point and extended defects in com-
plex solids and demonstrates the importance of taking them into
account when describing the temporal evolution of these mate-
rials. For the alloy studied here, it raises the possibility that the
observed slowing down of self-defect diffusion in high-entropy al-
loys could be associated with entropic variations along the diffu-
sion pathways, rather than energetic fluctuations. To fully address
this question, extended kinetic simulations will be necessary and
will be undertaken in a future work.

Code and data availability
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