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Spinels are important complex oxides for use in radiation damage environments and result from the
corrosion of steel. It is known that, in these environments, normal spinels exist with some concentration
of antisite cation pairs known as inversion. In this work we show that even in highly disordered states
characterized by high levels of inversion, spinels still show some short range order (SRO) that manifests
itself in antisite chains. The propensity to form these antisite chains is confirmed through Monte Carlo
simulations which find that the length of chains which can form depends on the spinel chemistry. We
also consider the effect of antisite chains on the diffusivity of cation vacancies and find that the effect

strongly depends on the spinel chemistry. Two examples illustrate the range of chemistry dependance
Received 1st August 2022 i diffusivit hains in FeCr-O. sianifi ty i t t but in MaALO
Accepted 9th January 2023 on cation vacancy diffusivity, chains in FeCr,O4 significantly increase vacancy transport but in MgALLOg,,
they have the inverse effect of drastically reducing vacancy mobility. The explanation of these

DOI: 10.1039/d2ta06102¢ dramatically different effects results from the assessment of the thermodynamic stability of the antisite
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1 Introduction

Spinels are a large family of naturally occurring complex oxides
with the general formula AB,0,. The most common form of this
structure is known as a ‘normal’ spinel where A cations occupy
tetrahedral sites and B cations occupy octahedral sites with an
fcc oxygen sublattice. There are also spinels which have an
‘inverse’ structure meaning B cations occupy tetrahedral sites
whereas both B and A cations occupy octahedral sites; this type
of spinel is rarer and will not be discussed in this work.' The
ground state of all spinels is either fully normal or fully inverse
depending on the choice of cations. Real spinels always exhibit
some deviation from the ideal fully normal or fully inverse
configurations. However, when spinels form from the corrosion
of steels or are in environments where radiation damage effects
are present, coupled with the high temperature environments
of, for example, nuclear reactors, even greater mixing of species
and sites can occur. In the context of a normal spinel, this
process can be thought of as partial inversion in which some A
cations occupy octahedral sites and a corresponding number of
B cations occupy tetrahedral sites. This level of inversion can be
viewed as a variable where an inversion of 0 corresponds to
a normal spinel and a value of 1 is a fully inverse spinel. A
spinel's ability to withstand these inversion processes is a key
component of its resilience in radiation damage environments
as it has a mechanical robustness due to its ability to accom-
modate these point defects.”* A comprehensive description of
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chains and contrasting attractive/repulsive interactions of vacancies with the chains.

the spinel structure and the concept of cation disorder in
spinels is provided by Sickafus et al.*

A schematic explanation of the process of inversion in
a spinel is given in Fig. 1(a) where O has been removed for
visibility. As discussed, radiation damage can take a spinel from
a nominally normal structure (I) to having some level of inver-
sion with the creation of antisite pairs (II). There is some indi-
rect experimental evidence that inversion results in SRO in
a spinel, showing that in Mg; ,Ni,Al,0,, cation inversion
creates a local tetragonal symmetry as determined by neutron
total scattering experiments.® In this work we show that cation
antisites can form Ag antisite chains, hence producing short-
ranged order (SRO) in the disordered spinel (III), with some
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Fig. 1 (a) Schematic of radiation damage leading to antisite pair
creation leading to the formation of an Ag antisite chain. (b) Schematic
of a cation vacancy moving along an antisite chain.
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evidence also presented in the literature for this type of B-site
short range ordering in the NiFe,O, spinel.®

The use of spinel structures as prospective battery mate-
rials,”® where defect transport is of paramount importance,
motivates the study of the impact of the disorder in our spinels
on defect migration. The hypothesis is that cation vacancies
may use the antisite chains as fast pathways for migration;
a schematic of this proposed migration behavior can be seen in
Fig. 1(b). Moreover, SRO has been found in disordered oxides
used as battery materials to form percolation pathways which
increase cation transport.>'® To this end, we also assess the
importance of the antisite chains which form percolating
pathways of SRO and how that further impacts defect transport.

In this work, we use molecular dynamics (MD) methods to
understand the impact of SRO in spinels as a function of
inversion using FeCr,0,4, NiCr,0, and MgAl,0, as example
spinel chemistries. The SRO structure is examined through the
use of high temperature Monte Carlo simulations, inducing
varied levels of inversion in the material. The thermodynamic
stability of antisite chains is evaluated and the implications of
this antisite chain-based SRO on cation vacancy transport is
then considered using static thermodynamic considerations
and MD simulations, resulting in a complex but complete
picture of the role of SRO on cation vacancy properties in these
spinels.

2 Methodology

The atomistic simulation package LAMMPS' has been used
throughout this work. In particular, LAMMPS is used within the
integrated development environment (IDE) for computational
materials science Pyiron'* to simulate, manage, and analyze the
data generated in this work.

Atomic interactions for the (Fe/Ni)Cr,0, spinel are described
by using a Buckingham-Coulomb potential plus a Morse
potential form by Chartier et al™ while a Buckingham-
Coulomb potential form by Smith et al.™ is used for MgAl,O,.
These models have a fixed charge meaning they do not allow for
charge transfer; in particular, (Fe/Ni)Cr,O, spinels use partial
charges, i.e., Fe/Ni: 1.2+, Cr: 1.8+ and O: 1.2 - while MgAl,0,
uses the full formal charges of Mg: 2+, Cr: 3+ and O: 2—. This
difference is a reflection of the differing degrees of ionic
behavior in the materials themselves. Furthermore, the poten-
tial used for (Fe/Ni)Cr,O, was assessed against experimental
values of structural, elastic and thermal expansion properties.*
While these potential models do not allow for charge transfer,
they have had success in capturing cation disordering effects in
other studies'>"” and since the cation disorder is fundamentally
connected to the electrostatics of the material,'® this implies
that there are relatively weak charge transfer effects on cation
disorder. Furthermore, since the Néel temperature of these
materials is generally <100 K***° we expect no impact caused by
magnetism at the temperatures of our simulations or experi-
mental/real applications.

Simulation cells were based on a spinel unit cell of size 8.37
x 8.37 x 8.37 A® for the FeCr,0, spinel. The volume was relaxed
for other spinel chemistries causing a slight difference in the

3472 | J Mater. Chem. A, 2023, 11, 3471-3480

View Article Online

Paper

unit cells used. Generally a supercell of 3 unit cells in each
direction was used for calculations and, unless otherwise
stated, these supercells contained 1512 atoms. For the sake of
brevity, we use FCO, NCO, and MAO to denote the FeCr,O,,
NiCr,0, and MgAl,O, structures, respectively.

A metropolis-based Monte Carlo (MC) algorithm®** was
employed on the spinel structures to generate a catalogue of
disordered structures with a defined level of inversion. Cation
positions are swapped and the energy change (AE) was calcu-
lated; the swap is accepted if AE < 0 or if the Metropolis

condition is satisfied, that is, r<exp(—k T)’ for some

: ¥4
random number, r, between 0 and 1, where the simulation is
conducted at a given temperature, Tp;*"** kg is the Boltzmann
constant. This was performed for a total of 75000-100 000
accepted swaps where a sample structure was taken every 216
accepted swaps, equal to the number of A cations in the struc-
ture, referred to as an MC cycle."** We note that the tempera-
tures needed to reach high levels of inversion are unphysical, in
the order of 10* K for the largest inversion cases, emphasizing
that these materials do not naturally accommodate much
inversion. The temperature in these simulations is only used to
calculate the Metropolis condition with no dynamics being run,
and they are performed at the 0 K lattice constant. We are
simply using the MC simulations to generate representative
structures with varying levels of inversion. In reality, radiation
may supply the energy needed to reach the level of inversion
represented by these structures.”

Upon analysis of the structures resulting from the MC
simulations, we found the preferential development of antisite
cation chains in which Ag cations were coordinated to each
other with a distance of =2.85 A, depending on the spinel
chemistry and associated lattice constant. This allowed us to
use Ovito's cluster analysis algorithms® to classify and count
each chain by setting the cutoff of the cluster to a value below
the Ay~A, bond length (=3.6 A) and the Ay-Ag bonds (=3.4 A)
but above the Az-Ag bond length (=2.85 A). In general, an =3 A
cutoff was used for the cluster analysis resulting in finding Ag
cations coordinated as chains while neglecting atoms on their
normal lattice sites. When discussing the length of chains we
define the chain length as N, — 1, where N, is the number of
atoms that are part of the chain, so that a single Ag antisite is
considered as a 0-chain.

Simulation cells resulting from the MC simulations had
multiple chains of varied length within them. To isolate these
chains and more methodically analyze their properties, a script
was written which generated isolated chains of the types we had
observed from the MC procedure. This script takes a normal
spinel structure and artificially creates antisites in the structure,
randomly growing a chain to a predefined length. This proce-
dure was conducted as follows. A random B cation was chosen
as the starting point. The nearest A cation neighbour was
randomly selected and the two atoms were swapped to create an
antisite pair. From this initial Ay starting position, a B cation
nearest neighbour (NN) was chosen as the next position along
the chain and the antisite pair creation was then conducted
again. From this new Ay antisite the process was repeated until

This journal is © The Royal Society of Chemistry 2023
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the required length had been reached. We note that this
procedure results in Ag chains with random internal topology
and random decoration of B, cations to maintain local charge
neutrality.

We classified the topology of the chains which we have built
by borrowing a definition from polymer physics for the radius of
gyration,” or, the gyradius. The gyradius quantifies the devia-
tion of atoms as part of a chain from the center of mass of the
chain by using the equation,

Rg = +\/ 2:i(ri - rcm)z (1)

where r; is the coordinate of chain atom i and r., is the center of
mass of the chain. The mass term has been neglected due to
each atom in our chain being of the same mass.

Finally, MD simulations were used to find the diffusivity of
cations in a normal spinel compared to a spinel with some
antisite chains present. Structures were first relaxed at 0 K and
then a 300 K initialization run was conducted for 10 ps, and the
temperature was then ramped to the required temperature. At
this temperature the simulation box size was allowed to change
during an NPT run and the average box size over this 20 ps run
was calculated and then fixed at that size for the remainder of
the run. The mean-squared displacement (MSD) of cations was
then tracked through a 10 ns NVT run and the diffusivity
extracted from the MSD once a linear regime was reached, after
the transient phase of the dynamic evolution.

3 Results and discussion
3.1 Short-ranged order in disordered FeCr,0, spinels

We first aim to assess the SRO of the FCO spinel as a function of
inversion parameter, 7, by quantifying the length and distribu-
tion of the FCO Fe, antisite chains that form. Since in this
spinel Fe is the A cation and Cr is the B cation, i is calculated as
the number of Fec, divided by the total number of Fe sites and is
sometimes referred to as a percentage of inversion.

Fig. 2(a) shows a box plot of the distribution of Feg, chain
lengths as a function of inversion level which developed during
an MC procedure at a given temperature. A steady increase in
the length of chains can be seen with the maximum chain
length found to be a 52-chain at the highest inversion level of
64.1%. Two representative example structures of the chains are
shown in Fig. 2(b and c¢) which were found in the i = 16.2% and i
= 64.1% simulations; color is used to distinguish between the
different chains and the 5 longest chains from that simulation
are shown in each box. Only the Feg, antisites, which are at the
core of the chain, are shown here; however, decorating these
chains are a corresponding number of Crg. antisites which do
not form any distinguishable structure. Note also that each
structure generated via MC contained a range of different chain
lengths, all of which are included in Fig. 2(a).

We also find that chains of length 20 and higher grown
during the MC are able to percolate the system, spanning the
length of our simulation box. This was determined again using
Ovito's cluster analysis tool.>* If the length of a chain doubled
when the simulation box was replicated rather than the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Box plot of lengths of chains which developed through the
MC simulations at the resulting inversion level. Red lines are median
chain lengths resulting from a random placement of antisites. (b and c)
Example Fec, antisite chains from the output of the MC showing the 5
longest chains in the simulation box, colored to distinguish individual
chains, in the (b) 16.2% inversion and (c) 64.1% inversion case.

frequency of that chain length doubling then the chain spans
the simulation box and is therefore considered a percolating
chain.

For comparison, the red lines show the median value of
chain lengths if the antisites are instead placed randomly
through the structure. We find that at i = 41.0% there is
a significant increase in chain length statistics from the MC
compared to the random placement. At i = 47.9% the median
chains are comparable between MC and random. We conclude
this is due to the high concentration of antisites not able to
‘spread-out’ at large values of inversion, resulting in the
unavoidable formation of chains. However, the fact we see
a significant increase in chain lengths at moderate inversion
values implies that antisite chains in FCO could be energetically
favorable compared to isolated antisite chains.

To study these chains more systematically, we manually grew
isolated antisite chains with a range of topologies and lengths.
These chains had a range of lengths and topologies, distin-
guished by the gyradius, that was consistent with those
produced during the MC procedure. We assess the stability of
these chains by calculating their binding energy compared to
that of isolated antisite pairs with the equation Egz = E¢ + NE,, —
(N + 1)E,, where E( is the energy of the system containing the
chain, E}, is the energy of a normal spinel, N is the length of the
chain (recalling that a chain of length N contains (N + 1) Fec,
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antisites) and E, is the energy of a cell containing a single
antisite pair as NN, referred to as a 0-chain. A schematic of this
calculation can be found in Fig. 3(b).

The results are presented in Fig. 3(a) and show that the
formation of Fec, antisite chains decorated by a corresponding
amount of Crg, antisites is energetically preferred compared to
isolated antisite pairs in a linear fashion with increasing chain
length. This explains the high concentration and length of
chains discovered through the MC simulations. Clearly, the
binding energy at a given chain length varies with some spread
and was first assumed to be based on the topology of the chain.
Thus the gyradius, which quantifies the topology of a given
chain was calculated and chains are colored by the gyradius as
shown in Fig. 3(a). There is no clear correlation between the
topology of the chain as described by the gyradius and its
binding energy, implying that the energy of a chain is not
controlled by its topology; rather it seems agnostic to the
topological structure of the chain.

The magnitude of the spread depends linearly on chain
length implying that the origin is the same in 1-chains as in 54-

0.0
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chains but that the magnitude of the deviation is larger in
longer chains. The only degree of freedom in the formation of 1-
chains is the placement of the Crg,. antisites, i.e., how the Crg,
antisites decorate the central Fec, chain which are placed at NN
sites for which there are multiple choices. We find that the
placement of these antisites has a strong effect on the binding
energy of the chain which implies that two chains with the same
length and topology can have different binding energies
depending on how the Crg. sites are dispersed around that
chain. Since the generation of the inverted regions is driven by
radiation damage we would not expect these chains to be driven
to exist in their lowest energy environment, rather we would
expect to see chains with a range of distributions and binding
energies.

With the formation of SRO and long antisite chains, some of
which percolate through the system, it seems plausible that
these could provide fast pathways for migration of cation
vacancies. In order for this to be the case, we must see a ther-
modynamic driving force attracting cation vacancies to chains
or at least find that chains do not repel cation vacancies. In an
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(a) Binding energy of chains of a given length colored by the chain gyradius. (b) Schematic defining the energy represented in (a). (c)

Vacancy binding energy to the highest and lowest energy sites in each chain with lines of best fit for the weakest and strongest bound sites. (d)

Schematic defining the energy represented in (c).
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attempt to quantify this effect, we calculate the binding energy
of an Fe vacancy on a chain as compared to that of an isolated Fe
vacancy in an otherwise undefected normal spinel,
Ey = (E{ + Ev) — (Ec + Ey), where EY, is the energy of a vacancy
at some site along a chain, and Ec is the energy of the structure
with that chain present. E}, is the energy of a normal spinel
structure and E is the energy of a normal spinel structure with
a vacancy. This is schematically described in Fig. 3(d). We
perform this calculation for all sites on each chain and the
results are illustrated in Fig. 3(c). This shows, for a given chain,
the binding energy of a vacancy to the highest energy (weakest
bound) site and the lowest energy (strongest bound) site along
that chain. We find that the majority of sites along our chains
would attract vacancies. There is only a small percentage of
chains which have sites that would repel vacancies. Further-
more, except for the very largest chains, there are chains where
all sites are attractive (where the weakest bound site has
a negative binding energy), indicating that the vacancy would be
attracted to all sites on the chain and the entire length of the
chain could act, in principle, as a percolating pathway. Note that
since we are only plotting the weakest and strongest bound
sites, other sites along a specific chain will have vacancy binding
energies between the two extremes. The dashed lines show lines
of best fit through the two sets of points. The overall attractive
nature of these antisite chains implies that there would be
a strong effect of antisite chains on migrating vacancies.

Intuition may suggest that cation vacancy defects will always
be repelled from Ag antisites in spinels due to both having
negative charges. However, the story is more complex since, for
every Ag antisite, there is a corresponding B, antisite which has
an effective charge of +1. These antisite pairs are typically bound
due to their charge difference, leading to a local environment
that is electrostatically neutral. This means the cation vacancy
may be attracted to the positively charged B, antisites which
often decorate the A antisite chain. Furthermore, for FCO,
there is also a covalent interaction represented by the Morse
term that can also facilitate this interaction. These competing
effects result in a more complex picture of how cation vacancies
will interact with the antisite chains.

3.2 Short-ranged order in other disordered spinel
chemistries

To understand how universal this antisite chain structure is in
the spinel structure, we have performed a similar but terser
analysis for NiCr,0, (NCO) and MgAl,0, (MAO) spinels. The MC
simulations were repeated for these two spinels but only for
a few specific inversions. While in NCO we find the develop-
ment of antisite chains of analogous lengths and frequencies as
in FCO, in MAO, we find the length of chains to be on average
around half the length of chains in FCO, and in fact shorter
than that if the antisites were placed randomly, indicating that
chains in MAO are potentially not energetically stable in MAO.

A catalogue of isolated chains was again generated using the
previously described approach but this time using the normal
NCO and MAO spinels as starting structures. Fig. 4(a) shows the
combined chain binding energies for both NCO and MAO

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Binding energy of antisite chains in NCO and MAO. (b) Lines
of best fit of vacancy binding energy to the highest and lowest energy
sites in each chain in NCO and MAO.

against the chain length, analogous to the data shown in
Fig. 3(b) for FCO. For the NCO spinel, a similar trend is seen
between chain length and chain binding energy as for FCO,
implying again that chains are energetically favourable
compared to isolated antisite pairs. However, in the MAO
spinel, the trend is not as clear. Some chains have a negative
binding energy but the majority are positive. This points to
chains having qualitatively different behaviour in MAO spinels.
These findings are consistent with the MC simulations which
found less frequent and shorter chains in MAO.

Fig. 4(b) shows the results of the vacancy binding energy to
chains in NCO and MAO, calculated in the same way as
described in Fig. 3(d). In this case, however, only the lines of
best fit are shown for clarity. In contrast to FCO, we find that in
NCO there is an equal split between attractive and repulsive
sites for vacancies along the chains. This indicates that NCO
may not be able to provide fast pathways for vacancies due to
the repulsive nature of a large portion of the sites along these
chains. For MAO, the story is similar to FCO indicating that
vacancies are almost always attracted to chains and that, while
chains in MAO are generally not favorable, they could provide
a fast pathway for vacancies due to their strong attraction to
chains if they were to form.

3.3 Kinetics of vacancy defects in SRO inverted spinels

We now examine more directly the impact of antisite chains on
transport of cation vacancies in each of our example spinel
chemistries. A detailed study of vacancy migration in spinels is
given by Murphy et al.*® which outlines vacancy pathways and
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barriers in a normal MAO spinel system. As a first approxima-
tion, cation vacancies in a normal spinel can be considered to
migrate through their respective sublattices. However,
depending on the spinel chemistry and the relative stability of
cation vacancies on each sublattice the vacancy can ‘swap’ sites,
this process induces a cation antisite so the ability for a vacancy
to do this is also related to the energy required for antisite
formation in a particular spinel chemistry. This process
becomes increasingly complex when there is already cation
disorder present in the system. Due to this added complexity in
our systems, we do not seek the migration pathways and
barriers explicitly but rather quantify the diffusivity of cations
using MD to understand the overall effect of SRO on cation
vacancy transport.

In particular, we compare the diffusivity of cations in the
normal spinel structure to one of our maximum inversion
structures from MC which contains percolating antisite chains.
To do this, 0.5% cation vacancies were randomly created in each
structure, split between A and B cations in a 1:2 ratio corre-
sponding to the stoichiometry of the normal spinels. The
creation of cation vacancy defects induced a large negative total
charge in the system which was compensated by altering the
charge on each O by =0.5%, a common strategy in other similar
studies.”””*® This is similar to adding a charge compensating
background but different since the charge compensation only
acts on the O. In addition, in order to separate the effects of
inversion from the SRO represented by the chains, we attemp-
ted to assess the vacancy transport in a structure with no chains,
ensuring that antisites were maximally separated. However,
with this distribution of antisites, the system was unstable and
effectively amorphized during the 10 ps 300 K MD initialization
run. This implies that the formation of chains is key in the
inversion process and stabilizes the inverted/disordered spinel
structure. As a compromise, we used a different structure with i
= 64.1% inversion where the maximum chain length was 12,
a minimum for those discovered through the MC at this level of
inversion. These structures were simulated using MD at
temperatures between 1800 K and 2200 K for 10 ns each and the
mean squared displacement (MSD) of every atom in the system
was calculated from these trajectories.

It first must be acknowledged that the mechanisms available
for defect migration in a spinel are extremely complex, espe-
cially when some percentage of inversion is present and the
resulting potential energy landscape is rather rough. We
calculate the energy barrier of some of these mechanisms using
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nudged elastic band (NEB) calculations® and present them in
Table 1, with more detail available in previous work.**¢3* This
is by no means an exhaustive list of mechanisms or barriers, but
will be used to help interpret the vacancy diffusion simulations.

Fig. 5(a and b) show the diffusivity of A and B cations,
respectively, in the three spinels. We compare the diffusivity of
both cations independently and assess the effect that the chains
have on the diffusivity of each. During the MD of the vacancies in
FCO normal spinel, we found that a significant portion of the Fe
vacancies transpose to Cr vacancies through mechanism 1 in
Table 1. While these defects are attractive due to their opposite
charges, the subsequently created Vi, can migrate away from the
Crg. with a barrier of 2.0 eV. This barrier is lower than the reverse
barrier in mechanism 1, possibly leading to isolated and frozen
Crye. Fe vacancies are then not replenished in significant quantity
because of the larger barrier and significantly smaller reverse
barrier of mechanism 2 in Table 1, which could in principle lead
to more Fe vacancies. This resulted in an inconsistent MSD as
a function of temperature, shown in Fig. 5(c), from which we
could not extract a reliable fit for the diffusivity calculation. To
provide an estimate of how this diffusivity may look, we have
generated an approximate diffusivity by fitting to the final 1 ns of
data in this case, and these are provided as dashed lines and
labeled as “approx.” in Fig. 5(a). We stress that these are not
meant to be reliable values for diffusivity, but are provided to
understand qualitative trends in how inversion and SRO impact
transport.

That being said, we see that the presence of inversion in FCO
increases the diffusivity of both Fe (A cation) and Cr (B cation)
vacancies and this effect is amplified when that inversion is
structured as percolating SRO chains, while some mobility will
be derived from the mechanisms outlined in Table 1 mecha-
nism 1 & 2, shifting the defect content of each cation. Since we
see an increase in the diffusivity of both cations this is not the
driver for mobility change, rather we conclude that the perco-
lating SRO chain provides fast pathways for vacancies, therefore
increasing mobility. In Fig. 5(a and b) this can be seen as an
increase in the diffusivity when we go from a normal spinel to
a spinel structure with inversion to one with percolating chains.
The increase in Fe diffusivity can be seen directly from the
MSDs in Fig. 5(c-e). Generally the diffusivity is extracted from
the MSD (in d and e) at times after 4 ns (before this, transient
mechanisms dominate resulting in an unreliable fit). Note that
the MSD is averaged over all the atoms of that type in the
simulation cell, resulting in diffusivity values which may appear

Table 1 Forward and reverse barriers for A & B cation vacancy migration mechanisms in FCO, NCO and MAO

Forward barrier Reverse barrier

Number Spinel Equation (eV) (eV)
1 FCO Cr + Ve = Vor + Crpe 2.39 2.14
2 FCO Fe + Vo — Ve + Fegy 2.60 0.80
3 NCO Cr+ Vi = Vor + Crng 2.40 2.27
4 NCO Ni + Vg — Vi + Nig, 2.97 1.84
5 MAO Al + Vigg = Var + Alyg 2.80 3.92
6 MAO Mg + Vay — Vagg + Mgal 3.35 1.16
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(@ and b) Diffusivity of (a) A cations and (b) B cations in FCO, NCO and MAO spinels comparing vacancy diffusion in a normal spinel to

a spinel with SRO, in the form of antisite chains. (c—e) Mean squared displacement of Fe in an FCO (c) normal spinel, (d) inverse spinel and (e)

inverse spinel with a percolating chain.

small given the large number of cations that do not participate
in transport at all.

Conversely, we see that the effect of the chains in the MAO
spinel significantly hinders the vacancy transport as evidenced
by the large decrease in Mg diffusivity as SRO is introduced.
Furthermore, Al diffusivity is relatively unaffected by the
inversion. This implies that the migration of vacancies along
that chain must be considerably slower than the migration of
vacancies through the normal MAO structure. Note that due to
higher barriers for Mg vacancies to transpose to Al vacancies
and vice versa (mechanisms 5 and 6 in Table 1) there is no
significant change in the concentration of each vacancy type
during the course of the simulations and there are no issues
with obtaining reliable MSDs.

As with FCO, no reliable MSD could be generated for Ni in
a normal NCO spinel, again due to comparable barriers for the
conversion of one type of vacancy to the other. Therefore
another approximate line has been plotted in Fig. 5(a). In this
case, we see that there is a decrease in diffusivity due to the
chains in A cation diffusivity. However, for B cation diffusivity
(Fig. 5(b)), there is a slight increase in diffusivity, particularly at
lower temperatures. Therefore, in NCO, the SRO chains have
contrasting effects on diffusivity depending on the nature of the
cation in question.

3.4 Discussion

It is clear that, regardless of the spinel chemistries we have
discussed in this work, some short-ranged ordered regions form

This journal is © The Royal Society of Chemistry 2023

in disordered spinels which have the form of Ag antisite chains
that are decorated by B, antisites. We have found that the
degree to which these antisite chains are thermodynamically
favourable depends on the spinel chemistry. However, high
levels of inversion, at least in these spinel chemistries, is driven
by non-equilibrium processes such as irradiation, so the extent
to which the SRO chains form is unclear. In reality, some level of
chain formation likely occurs as the disorder induced by irra-
diation locally relaxes, particularly since these chains are crit-
ical for stabilizing the inverted structure.

The impact of this SRO on the transport of defects is an
important consideration for their relevancy in spinels, and
vacancies are a representative defect used in this work to
determine this impact. We have found that, perhaps counter-
intuitively, cation vacancies are thermodynamically attracted to
antisite chains; again the degree of this attraction strongly
depends on the spinel chemistry but, in the spinels investi-
gated, there were always sites on the chain which attracted the
vacancy. However, the diffusivity of vacancy defects in SRO and
normal spinel environments is a complex phenomenon thanks
to many migration mechanisms available to vacancies in these
structures. The conclusions of this diffusivity assessment are no
simpler. The findings strongly depend on the spinel chemistry.
We see a significant increase in diffusivity for vacancies in FCO.
However, cation vacancy motion in MAO is significantly
decreased with the presence of chains. This is in contrast to the
thermodynamics which shows strong attraction of vacancies
and antisite chains. This implies that while vacancies are
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attracted to chains in MAO, the chains do not provide a faster
migration pathway than the bulk, meaning that in MAO antisite
chains, they act as a trap for cation vacancies. NCO seems to sit
between these two extreme cases, decreasing diffusivity of A
cation vacancies but increasing diffusivity in B cation vacancies.

This difference in the behaviour between the vacancy in the
MAO spinel and the FCO/NCO spinel could be due to the
stronger electrostatic contribution to the atomic interactions in
the MAO spinel. This effect is manifested in the interatomic
potential by the use of full formal charges for the MAO species
but only partial charges in the FCO/NCO potential. We do not
consider this effect an artifact of the potential parameters but is
rather a realistic representation of the difference in the strength
of ionic interactions in these different spinels. Furthermore,
FCO and NCO have a stronger covalency in the interatomic
interactions as embodied by the Morse potential, suggesting
more complex bonding than expected simply from electrostatic
considerations. Furthermore, the large difference in ionic radii
between, for example, Mg and Al compared with the negligible
atomic radii difference between Fe and Cr could also impact the
ability for different chemistries to accommodate coordinated
chains of antisites where the strain caused by the antisites will
be different and possibly lead to different behaviors.

Table 2 summarises the main results of this work and
provides some insight as to the behavior of vacancies in the
SRO-structure spinel. In FCO, the story is clear: chains are
energetically favourable to form, vacancies are almost always
strongly attracted to sites along these chains, and the chains act
as fast pathways for vacancies. In NCO, while forming the
chains is favourable, there is a seemingly an even number of
repulsive and attractive sites for cation vacancies along the
chains and as a result the effect on vacancy transport is less
straightforward. While chains in NCO could be fast pathways
for vacancies, if vacancies are repelled from chains, this will
limit their ability to facilitate vacancy transport. Finally, we
found the majority of chains to be energetically unfavorable in
MAO but that vacancies are strongly attracted to them. However,
pathways for vacancies to move along chains are much slower
than in the bulk, resulting in decreased transport when antisite
chains are present in this material.

While the potentials used in this work have been bench-
marked during their production and subsequent studies and
are believed to be accurate enough to capture the dominant
trends present in these materials, no potential can capture the
subtle effects neglected by the classical MD framework. Thus,

Table 2 Summary of salient SRO findings for FCO, NCO and MAO
derived from calculations throughout this work

FCO NCO MAO

Chains
Favourable?
Vac Attracted to
Chains?
Chains Enhance
Transport?
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this work is presented to indicate the qualitative trends of SRO
as a function of inversion rather than the quantitative nature of
the SRO and its interaction with defects in particular chemis-
tries. Therefore, we only indicate the range of possible effects
that this SRO may have on different spinel chemistries.

However, the finding of SRO in spinels and the impact of
inversion on defect transport is perhaps not surprising since
analogous findings have been made for similarly structured
compounds. For example, other complex oxides can also go
through a process of chemical disorder leading to an effect akin
to inversion.?* Disorder has been studied in pyrochlore and the
enhancement of cation transport®?* and anion mobility***¢
resulting from this disorder has been found. While there is
experimental evidence for SRO in pyrochlore,**® only random
disorder has been considered computationally so far, not any
SRO structured disorder. Anion transport in disordered systems
has also been considered in other compounds, finding that
disorder decreases anion vacancy transport due to trap sites in
disordered regions in the double perovskite GdBaCo,0s. (ref.
39) and Mg(Al/Ga/In),0, spinels.* Again, SRO was not consid-
ered in these cases.

Some evidence that disorder in high entropy rocksalt
compounds resulting in SRO and percolating networks positively
affects transport has been seen in the battery field.>*® Since
controlling the transport of ions in battery materials is key and
spinel structured materials are being considered for use in this
field,”® it may be possible to allow for the tuning of transport
properties in spinels by choosing spinel chemistries which lead
to natural levels of inversion. Furthermore, the finer control of
transport in these materials could be accessed by controlling the
inversion and therefore, the concentration of percolating
networks which work to alter the defect transport environment
alongside the choice of the correct spinel chemistry.

4 Conclusion

We have given computational evidence that spinels with some
natural level of inversion or in environments where inversion
processes can occur due to damage can exhibit short ranged
order which manifests as Ag antisite chains. The energetic
favorability of this SRO as well as the impact of the antisite
chains on cation vacancy migration depend strongly on the
spinel chemistry, ranging from significant enhancement to
significant impedance of vacancy diffusivity. Some indicators
for predicting the impact of SRO and antisite chains on vacancy
transport are suggested but more work on other spinels is
needed to fully classify this behavior. In any case, we conclude
that the qualitative trends identified in this work indicate that
SRO in spinels must be accounted for when considering inver-
sion/disorder, though the direction and magnitude of the
trends of SRO depend greatly on spinel chemistry. In particular,
mass transport is strongly dependent on the antisite structure,
and reliable assessment of transport in these materials, and we
suspect in complex oxides more generally, requires under-
standing of the SRO in these compounds.

This journal is © The Royal Society of Chemistry 2023
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