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1 Introduction

Solid solutions are ubiquitous in materials chemistry and are a
staple of different applications such as white LED phosphors,'
superconductors* and catalysis.”® Their widespread application
has warranted many studies into the formation”™ of these solid
solutions with many physical,"®"* electronic’**®> and magnetic
properties'®™® also investigated. The rise of computational
research methods has allowed for rapid evaluation of different
solid solutions.?*** However, predicting the ability of two end
members to form a solid solution is a non-trivial task with various
methods proposed.>*** The cluster-expansion methodology is a
popular approach for this purpose as it can fit density functional
theory (DFT) data to a model Hamiltonian and was used by Li and
coworkers to explore the (Ga;_,Zn,)(N;_,O,) solid solution.”®
However this work builds on assumptions from experimental
data which may not always be readily available for new systems.
The problem of predicting stable solid solutions can be
reduced to finding structures which lie on the energetic convex
hull. Structures that lie on the convex hull are predicted to be
stable at 0 K. Structures that lie above the convex hull are denoted
as metastable and may be thermally accessible above 0 K. How-
ever, testing all compositions and configurations along a solid
solution line can be a computationally intensive task involving
many structures. Different approaches to this problem including
genetic algorithms,***” basin-hopping,”® meta-dynamics,**"*°
simulated annealing®® and particle-swarm optimisation.*>
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One approach to reduce the massive phase space may be to
restrict the search to a single crystal structure type such as the
spinel group which has been studied in great detail. The spinel
structure (shown in Fig. 1) consists of a close-packed system of
anions (X = O, S, Se) with one-half of octahedral and one-eighth
of tetrahedral sites occupied by cations giving a reduced
formula of AB,X, where A is a divalent cation and B trivalent.

Spinels can be disordered over cationic sites by having some
of the B®" cations in tetrahedral rather that octahedral sites.
The degree of inversion of a spinel describes the extent to
which A** and B** cations occupy octahedral and tetrahedral
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Fig. 1 Spinel structure of normal ZnFe,O, in cubic unit cell. (a) Front view
of spinel with tetrahedral Zn atoms (grey) between layers of octahedral Fe
atoms (orange) and O anions (red). (b) 3D view of cubic spinel. (c) Layers of
close-packed O atoms with A (green) B (yellow) and C (blue) layers
highlighted. The view in (a) is transformed to the view in (c) by rotation
of 45° around the c-axis followed by a rotation of 55° around the bisection
of the a-axis and b-axis perpendicular to the c-axis.
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Fig. 2 Normal and inverse spinel structures of MnFe,Oy, in cubic unit cell.
The normal structure (a) has all Mn atoms (purple) in tetrahedral sites and
all Fe atoms (orange) in octahedral sites. The inverse structure (b) has all
Mn atoms in octahedral sites while Fe atoms are distributed over both
octahedral and tetrahedral sites.

sites respectively with the two extremities shown in Fig. 2.
A fully normal structure has all occupied tetrahedral sites con-
sisting of A>" cations and all occupied octahedral sites consisting
of B*' cations. A fully inverse spinel structure has one-half of
occupied octahedral sites filled with A% cations while the other
half is filled with B** cations and all occupied tetrahedral sites
are filled with B*". It is of note that due to the two different
species across the octahedral sites in the inverse spinel structure,
that there are many possible cation configurations for a fully
inverse spinel whereas there is only a single normal configuration.
The inversion in spinels results in a very large number of possible
configurations.

For a full cubic unit cell with formula AgB;¢03,, 24 cations
are distributed across 16 octahedral and 8 tetrahedral sites.
Using combinatorics there are total of % = 735471 possible
cationic configurations. Although this calculation does not
include symmetry, assumes unique elements and disregards
the distribution of atoms over the tetrahedral sites, the result
gives a sense of scale of the number of configurations that need
to be considered to fully capture all possible configurations for a
simple binary spinel. Table 1 shows the distribution of inversion

Table 1 Monte-Carlo generation of 57801 structures showing the dis-
tribution of degrees of inversion for a generic spinel full unit cell. The
maximum number of structures that could be sampled in this run is
60 000. 2199 structures were rejected due to being equivalent to struc-
tures already generated

B!, atoms Structure count Percentage of structures
0 1 0.00173
1 7 0.0121
2 265 0.458
3 2462 4.26
4 10054 17.4

5 19373 33.5

6 17 607 30.5

7 7027 12.2

8 1005 1.73
Total 57 801 100
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for structures of a generic AgB;603, unit cell generated by
random swapping of cations and represents an upper bound
of the number of structures. These many possible configurations
are possible due to inversion of cations in the structure.

Pilania and coworkers explore nearly 160 000 spinel config-
urations in the Mg-Al-Ga-In-O phase field using a cluster-
expansion based effective Hamiltonian. Of these, only 350
configurations are explored using DFT methods.*® This work
gives an idea of the scale of DFT calculations that can reasonably
be conducted for a given system.

Using DFT methods provides an accurate way to assess
the stability of spinel materials but these calculations are
computationally intensive and the number than can reasonably
be conducted is limited. Therefore, an efficient method for
choosing which structures to sample in the composition space
is vital to keep the computational cost to a minimum.

One method for searching through configuration space is
the ChemDASH methodology presented in the work of Sharp
et al.*® ChemDASH uses a basin hopping algorithm to swap
atoms in a structure in order to evolve the structure to lower
energy configurations. One success using this methodology is
presented by Gamon and coworkers as they explore the Li-Al-
O-S phase field using ChemDASH, finding the new sulfide
Li;AlS;.** Vasylenko and coworkers also use ChemDASH to
explore the Li-Sn-S-Cl phase space.’” These works require many
runs at different compositions in order to thoroughly explore the
phase space which comes with a sizeable computational cost.
In the work presented herein, we advance the ChemDASH
methodology to allow for multiple variable compositions to be
explored in a single run and use this adapted methodology to
explore the Zn-Mn-Fe-O spinel phase space.

2 ChemDASH methodology

2.1 Introduction to ChemDASH

ChemDASH is a crystal structure prediction code that uses a
chemically-directed atom swapping method to evolve an initial
structure. A basin-hopping approach is used to determine accep-
tance or rejection of a new structure. This methodology allows for
efficient exploration of the potential energy surface of a given
system. The ChemDASH methodology has been discussed in
detail in other publications*® and is briefly reintroduced here.

The ChemDASH work cycle is summarised in Fig. 3. The
processes that form this cycle can be reduced to the stages of
initialisation, energy minimisation, local environment ranking,
atom swapping and structure acceptance. A discussion of each
of these stages is given in Note S1 (ESIY).

2.2 Substitution methodology

To investigate solid solutions with ChemDASH, the methodology
has been advanced to allow for variable compositions to be
investigated in a single ChemDASH run. Our variable composi-
tion version of ChemDASH (vc-ChemDASH) allows for the com-
position of the structure to be changed at a given ChemDASH
step rather than the swapping of atoms already in the structure.

Phys. Chem. Chem. Phys., 2022, 24,16374-16387 | 16375
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Fig. 3 ChemDASH cycle flowchart showing start/end points (red), algorithm actions (orange), decision points (blue) and acceptance/rejection points

(green). Figure adapted from Sharp et al.?®

The aim of allowing changes in composition is to use informa-
tion of spinel configurations in similar compositions to effi-
ciently explore both composition and configuration space. In
the initial testing presented herein, solid solutions between the
ZnFe,0, and MnFe,0, spinel structures are explored using this
methodology. This phase space is a good initial test of this
methodology as these two systems are both known to be most
stable in their normal spinel configurations and the two end
members are known to be stable and form a solid solution.
2.2.1 Magnetism. When using ChemDASH with a system
containing open-shell transition metal cations, we must care-
fully consider how we define magnetism in an evolving system.
This is important for magnetic spinels as the energy of
the system is directly dependent on the magnetic structure.
ChemDASH uses the ASE python module®® to define the crystal
and magnetic structures and as implemented, each magnetic
moment is fixed to each atom object in the system. In many
crystal structures however, a swapping of atoms across crystal-
lographic sites does not affect the magnetic structure. This is well
described in spinel systems where the Néel magnetic structure
(where magnetic moments in tetrahedral and octahedral sites are
aligned anti-parallel to one another as shown in Fig. 4a) is found in
many magnetic spinel systems over a range of degrees of inversion.
Therefore, in this work, each magnetic moment is treated to be
fixed to their initial crystallographic sites rather than the atom
objects which occupy those sites. The magnitude of each magnetic
moment is initially set to +5 g (depending on site) and allowed to
relax to a local energy minimum using density functional theory.
The end members in the Zn-Mn-Fe-O system have varying
magnetic structures due to the nonmagnetic d' Zn atoms.

16376 | Phys. Chem. Chem. Phys., 2022, 24,16374-16387
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Fig. 4 Ferrimagnetic Neél magnetic structure MnFe,O4 (a) and antiferro-
magnetic magnetic structure of ZnFe,O4 (b). The Neél magnetic structure
consists of antiferromagnetic coupling of octahedral and tetrahedral sites
as shown by the spin up (orange) moments on Fe atoms and spin down
(purple) moments on Mn atoms. The antiferromagnetic structure has
layers of spin up and spin down moments on Fe atoms.

MnFe,0, has the ferrimagnetic (FiM) Néel magnetic ordering
(shown in Fig. 4a) whereas ZnFe,0, and ZnMn,0, are both
antiferromagnetic (AFM) as shown in Fig. 4b. Mn;0, as been
shown to have a ferromagnetic ordering below 43 K.*’

2.2.2 Substitution pool and random substitution. Substitution
in ChemDASH is defined by three parameters: the probability that
a substitution event is attempted at any given ChemDASH step, the
species in the system that can be doped out, and a pool of possible
atoms that can be doped into the system. The substitution pool is
defined as a fixed-length list of atoms that each have equal
probability of being chosen to be doped in to the structure at a
given substitution event. When atom A in the structure is doped
out for atom B from the substitution pool, A replaces B in the

This journal is © the Owner Societies 2022
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substitution pool such that the substitution is always reversible.
The substitution pool can be of any length, contain any number of
unique species and can contain a given species any number of
times. Adjusting the relative proportion of different species in the
substitution pool effectively allows for weighting of probabilities.
The probability of species x; being chosen as a substituent is
therefore equal to the proportion of x; in the substitution pool.
2.2.3 Energy equivalence. In the original implementation
of ChemDASH, the comparison between energies of structures is
easily conducted as the composition is unchanged throughout
the ChemDASH run. The problem with incorporating variable
compositions into ChemDASH is that different chemical com-
positions do not have directly comparable DFT total energies for
use in the acceptance criteria. As implemented here, a solid
solution is assumed between two end members that make up the
new phase and the energy difference is calculated as the differ-
ence between the new structure and the two end members as:

AESS = E(Mannlix]FezO_1 - (xEMnFeZO‘1 + (1 - x)EZnFeZO4) (1)

AE for the substitution scheme therefore differs from that of
the swapping routine as the substitution energy is not depen-
dent on the energy of the previous structure but on the two
(stable) end members. When a substitution event occurs then,
there is a high likelihood that the energy difference will be
positive. This makes acceptance of a substitution event less
likely than the acceptance of a swap. Using this energy with the
Metropolis criterion allows for the acceptance of substitution
with consideration of thermal effects. More advanced imple-
mentations such as the energy above the convex hull could also
be used to get more accurate relative stabilities, but for this
system the solid solution energy is equivalent to the convex
hull energy as the spinel disproportionates into the two end
members which lie on the convex hull.

2.2.4 Probability of substitution. The modified version of
ChemDASH involves assigning a probability to each step for
which action is chosen. The substitution_threshold keyword
assigns a probability between 0 and 1 that a substitution event
occurs at a given step. As this probability is assigned at each
step there is no guarantee that proportion of substitution steps
over the whole run will be equal to the substitution_threshold.
The species chosen from the substitution pool and the species to
be doped out are both chosen at random within the constraints
of the substitutable_atoms keyword. As a substituent atom is
exchanged for the doped out atom, both the substitution pool
and the structure will be updated through the ChemDASH run.
The probability of each atom in the substitution pool being
chosen for a given substitution event is equal and as such a
central composition will eventually be found if enough substitu-
tion events are accepted.

3 Methods

All DFT calculations were performed using VASP (version 5.4.4).
The PBE functional®”> was used with a set of projector-
augmented wave pseudopotentials®® (Mn_pv, Fe_pv, Zn, O)

38-41
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for describing core electrons. A plane-wave cut-off energy of
520 eV was used for all calculations with a 3 x 3 x 3 k-point
grid. At every ChemDASH step, the structure was relaxed until
the total energy is converged to 10™* eV and forces on ions
converged to 1072 eV A~'. Calculations were performed with
spin polarisation to allow for the magnetism of Mn and Fe to be
captured. All structures in each ChemDASH step were initia-
lised with the well-known Néel magnetic structure where octa-
hedral and tetrahedral site spins are aligned anti-parallel to one
another unless stated otherwise. The current implementation
of ChemDASH is written in python3.8 with heavy reliance on
the ASE (v3.19) module.?®

The variable composition is limited to the ZnFe,O,-
MnFe,O, (Mn>") phase line as a test case although there is
the possibility of Mn®* replacing Fe** in the structure. This
solid solution is shown to be stable in experimental works.***®

For the benchmark, ChemDASH runs (without substitution)
are performed on all compositions along the Mn*" line (a total
of 9 runs). Substitution runs are then compared against these
pure swapping runs to analyse how effectively the substitution
runs can explore both composition and configuration space.
Starting at each end member in their fully normal (ground state)
structure and their fully inverse configurations, ChemDASH sub-
stitution runs are performed with a maximum of 100 structures
sampled where the substitution probability at a given step is set to
0.25, 0.5 and 0.75. This array of probabilities allows us to
investigate how the modified algorithm explores the composition
and configuration space. The vc-ChemDASH code has been
released under the terms of the GNU General Public Licence,
and the source code is available at: https://github.com/Ircfmd/ve-
ChemDASH. Computational data is available at the University of
Liverpool research data catalogue: https://datacat.liverpool.ac.uk.

4 Results

4.1 Original ChemDASH swapping

4.1.1 BVS and random ranking methods. The first test for
the methodology to pass is to show that using directed swapping
is appropriate for swapping cations in spinel structures. To
test the ChemDASH swapping, the BVS and random ranking
methods are used on MnFe,0, and ZnFe,0, starting from fully
inverse cationic configurations. These calculations are presented
in Fig. 5. For MnFe,0, the ground state normal spinel structure
is found after 36 steps using the BVS ranking method with most
structures lower in energy than the starting structure. For the
random swapping the ground state structure is not found in 100
steps. There is a broad range of energies in the structures
sampled and many of these are higher in energy than the
starting structure. The mean relative energies for the BVS and
random swapping runs are 17.8 and 42.0 meV atom ' respec-
tively showing the bias towards lower energy structures when the
BVS method is used. For ZnFe,O, the ground state structure
is not found for either BVS or random swapping runs. This is
most likely due to the lack of octahedral site preference for Zn.
The mean relative energies for BVS and random swapping runs

Phys. Chem. Chem. Phys., 2022, 24,16374-16387 | 16377
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Fig. 5 Distribution of structure energies for BVS and random swapping
ChemDASH runs starting from (a) inverse MnFe,O4 and (b) ZnFe,O4.
Horizontal lines at 39 and 43 meV atom~* for (a) and (b) respectively show
the energy of the starting structure for each run. AE is defined relative to
the energies of FiM normal MnFe,O,4 and FiM normal ZnFe,O4,.

Random Random

are 21.6 and 28.8 meV atom™ ' again showing the bias towards
lower energy structures. These tests show that the BVS ranking
method in ChemDASH outperforms random swapping in this
set-up and is used throughout the rest of the work presented
herein.

4.1.2 ChemDASH calculations across each composition.
For a benchmark to compare our substitution scheme against,
each composition along the ZnFe,0,-MnFe,0, phase line was
run with a pure swapping ChemDASH run (a total of nine runs
Zn,Mng_,Fe 603, with x = 0-8 at integer intervals). The results
are summarised in Fig. 6.

More than 90% of structures shown in Fig. 6 have a low AE
not exceeding 40 meV atom ‘. This shows that in general,
compositions along this phase line are stable and at each
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Fig. 6 Distribution of energies of structures generated from a Chem-
DASH run at each composition for Zn,Mng_,FegO3, where x = 0—8. Points
are coloured by the number of Fe atoms in tetrahedral sites in each
structure. AE is defined relative to the energies of FiM normal MnFe,O4
and FiM normal ZnFe,O,.
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composition there should be some degree of inversion at finite
temperature. Although the magnetic structures of the inter-
mediate compositions may not be the same as the true ground
state solutions, the distribution implies that mixing of the two
end members is a favourable reaction as the AEy is small
across all compositions. Any magnetic structure that is lower in
energy than those assumed here will only make this a more
favourable reaction.

There is an obvious energy gap between the lowest energy
structure at each composition and all other structures as shown
in Fig. 6. From this figure it can be seen that this lowest energy
structure for each composition is the fully normal spinel
structure (as there are no tetrahedral Fe*" atoms in each lowest
energy structure). The small AEy predicted by ChemDASH for
all normal spinel structures shows that these structures are
predicted to be thermodynamically stable.

To confirm that the lowest energy structure at each composition
does indeed correspond to a stable structure on the convex hull, we
calculate the full Mn-Fe-Zn-O convex hull and show all energies in
the ESIt (Table S1). The maximum energy difference between AEg
and the convex hull energy is 1.8 meV atom . Although some
compositions in the solid solution lie above the convex hull at 0 K,
these structures are stabilised by the mixing entropy gained by
having multiple elements present on the tetrahedral site. The
temperature at which the mixing entropy term (AS,T) is equal
to the convex hull energy (Ep,y) is shown in Fig. 7 and shows that
each structure is stable at 298 K.

Two clear trends across compositions are evident in Fig. 6.
The first is that in general, as the degree of inversion increases,
the total energy of the system increases for all compositions.
As the two end members are known to be most stable in their
normal configurations, it is unsurprising that intermediate
compositions follow the same trend. The second trend is that,
as the proportion of Zn is increased, higher inversion structures

300
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Solid Solution Solid Solution

Temperature / K
—_ —_ N
o a o
& o o
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MnFe,O, + ZnFe,O,

0O 1 2 3 4 5 6 7 8
xin ZnMng_ Fe.,O3,

Fig. 7 Phase diagram showing the temperature at which AS,ixT = Ep for
the normal cation configuration for each composition of Zn,Mng_,Fe 1603,
where x = 0-8 for integer x. The Neél magnetic structure is used for x = 0-6
whereas an AFM ordering is used for x = 7-8 as these yielded the lowest
energies. The mixing entropy ASixT is calculated across tetrahedral sites
only as Fe exclusively occupies octahedral sites.
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become more stable than similar configurations at other com-
positions. This is most clearly visible when Fe; = 2 and 3 where
there is a general decrease in energy going from left to right.

4.1.3 Calculating the degree of inversion. MnFe,0, and
ZnFe,0, are known to have a thermally-dependent degree of
4647 This is reflected in Fig. 6 as many partially
inverse structures are within a thermally accessible energy.
At room temperature the thermal energy kT ~ 25 meV atom "
and as such configurations lower than this are expected to be
accessible at T'= 298 K. Higher energy structures can in theory
be accessed at higher temperatures and kinetically trapped to
allow for higher degrees of inversion. Experimentally this would
be shown as a higher average degree of inversion. We can
calculate the average inversion for each directed-swapping
ChemDASH run using a simple mean.

We can also for a set of randomly generated spinel
structures, calculate a Boltzmann-weighted average degree of
inversion as another way of modelling the thermally averaged
degree of inversion. We calculate the energies of 100 randomly
generated cationic configurations of the MnFe,0O, and ZnFe,0,
end members along with the intermediate composition
Mny 5Zn, sFe,04. To get a thermally averaged degree of inver-
sion for the three random sets of structures, we calculate a
Boltzmann-weighted average inversion using eqn (2):

inversion.

AE,

Z Ae kT

(4) ="——55 (2)
e i

where A is the degree of inversion for a structure, (4) is the
average inversion over all structures sampled for a single
composition and AE; is the solid solution energy AEg. The
thermally-averaged degrees of inversion for MnFe,0,4, ZnFe,0,
and Mny sZn, sFe,0, are 63.8, 71.3 and 68.4% respectively.
These values are very close to the inversion of a random
distribution of cations (67%). This shows that, for a small set
of structures, that the Boltzmann-weighted average inversion of
random structures cannot accurately predict the experimental
degree of inversion at 298 K.

The average degree of inversion for MnFe,O, calculated
from the directed swapping ChemDASH run (from Fig. 5) is
calculated to be 24.6%. This is close to the widely accepted bulk
experimental value of 20%"**° and a much better estimate than
that of the randomly generated structures with thermal averaging.
The degree of inversion for ZnFe,O, is calculated to be 50.5%
which matches very well with a value of 50% reported by multiple
studies®>" when the inversion is calculated from the directed-
swapping run. The ability to predict physically measurable experi-
mental degrees of inversion with a relatively small sample of
structures shows the strength of the combination of directed
swapping with the Metropolis acceptance criterion in ChemDASH
as applied to spinel materials.

The increasing inversion with Zn addition is corroborated by
the experimental results of Sakuri et al. where it is found that
in a mixed ZnFe,O,~-MnFe,0, spinel system, 44% of Zn atoms
are in octahedral sites in contrast to the 11% of Mn atoms.>>
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We therefore show here that ChemDASH can be used to predict
the degree of inversion for a single spinel composition that can
be related to experimental results.

These results from the swapping only ChemDASH show that
stable structures for each composition (restricted to those
possible in the full unit cell) are readily accessible. For the
relatively simple restricted system studied here nine Chem-
DASH runs are possible with reasonable computational
resources, for more complex systems where both A and B
cations can be doped out, running ChemDASH at every com-
position becomes unfeasible. Using a single ChemDASH run
at each composition also neglects any relationship between
compositions that are similar. The aim of the ve-ChemDASH
methodology therefore aims to address both these points
by using the relationship between compositions to study the
phase space without having to study each composition
separately.

4.2 Starting from the normal cationic configuration

Starting from the normal cationic configurations for MnFe,0,
and ZnFe,O, the results of each ChemDASH run with elemental
substitution are shown in Fig. 8. In Fig. 8a and b the distribu-
tion of energies of the ChemDASH run are shown starting from
normal MnFe,O, and ZnFe,0,.

For all runs, the energies of the structures do not exceed
35 meV atom ' above the end members. This energy as
compared with the thermal energy kg7 corresponds to T =
406 K which is readily achievable with experimental set-ups.
Our calculations use a temperature 7= 298 K for the acceptance
criteria (kT & 25 meV atom™'). The probability of accepting a
structure that is 25 meV atom ' higher in energy that the
previous structure is therefore e ~ 36.8%.

The low energy structure bias and the small average absolute
differences in energies show that the algorithm is able to direct
the searching of structures towards plausible low energy
structures.

The high substitution regimes (Mn-0.75/Zn-0.75) in Fig. 8 a
and b tend to find the ground state structure more often than
the lower substitution regimes (Mn-0.25/Zn-0.25) when starting
from the normal spinel configuration. This is understood from
the normal spinel starting structure being the ground state for
all compositions. The higher substitution regime is much more
likely to attempt a substitution event at a given step, and
therefore the high substitution runs accept many steps in a
row finding the normal ground state structures at each compo-
sition. The consistent high acceptance rates of swapping
(Table 2) implies that, in general, directed swaps either
decrease the energy of the structure or increase the energy by
only a small amount.

The drawback of using higher levels of substitution is clearly
shown in Table 2 where the total acceptance rates quickly
deteriorate as the substitution level is increased. The individual
substitution and swapping acceptance rates are quite stable
across different starting structures and substitution levels with
substitution steps being much less likely to be accepted than
swapping steps.
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Fig. 8 Distribution of structure energies for ChemDASH runs starting at normal (a) MnFe,O4 and (b) ZnFe,O4 with the FiM magnetic structure as a
function of the number of Zn atoms in the structure. The results are plotted and coloured by structural index in (c) and (d) to show the evolution of
structures over each ChemDASH run. The results are also plotted and coloured by the number of tetrahedral Fe** atoms (e) and (f) representing the total
degree of inversion of each structure. AE is defined relative to the energies of FiM normal MnFe,O,4 and FiM normal ZnFe,O4,.

From the coloured trajectories in Fig. 8c and d it can be
seen that the ground state structures are not only found at
the start of the ChemDASH run. This is instructive as it shows
that due to the bias towards lower energy structures, ground
state structures for other compositions can be found after
exploration of higher energy composition and configuration
space. For each run it is clear that at the start of the run
structures of higher energy tend to be sampled before
the exploration settles to lower energy, middle composition
structures.

16380 | Phys. Chem. Chem. Phys., 2022, 24,16374-16387

Fig. 8e and f shows the number of Fe** ions in tetrahedral
sites and serves as a direct measure of the total degree of
inversion for each structure. The structures sampled tend to
have low levels of tetrahedral Fe*" with no structure sampled
with more than half the tetrahedral sites occupied by Fe’".
There is an obvious trend of structures with higher degrees of
inversion having high energies relative to the end members.
When looking at the structures in the context of octahedral Mn
and Zn, there is a preference for having octahedral Zn over
octahedral Mn as structures tend to have lower energies
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Table 2 Summary of acceptance rates for the vc-ChemDASH runs with
different substitution rates starting from FiM normal MnFe,O, and
ZnFe,Oy4. Atotal IS the total acceptance rate, Asyp is the acceptance rate
of substitution steps and As,, is the acceptance rate of swapping steps

Substitution rate (%)  Arotar (%)  Asub (%) Aswap (%)
MnFe,0, 25 81.2 53.3 94.3

50 75.0 58.0 90.0

75 59.2 50.7 92.6
ZnFe,0, 25 84.2 52.0 98.7

50 71.6 41.5 91.5

75 63.3 62.2 73.1

(Fig. S1-S6, ESIf). Calculations starting from an intermediate
composition (Mn,Zn,Fe;¢03,) yielded results that agree well with
those presented in Fig. 8 and are shown in the ESIt (Fig. S7).

The structures with less than 5 Fe** in tetrahedral sites make
up only 19% of all possible structures as shown previously in
Table 1. The ve-ChemDASH runs only sample such low inver-
sion configurations, excluding all others. This shows the real
strength of the methodology where the structures sampled are
focused on low energy regions of space and exclude any
structures that are outside this. In the search for stable config-
urations, being able to exclude a vast region of high energy
configuration space is of great use.

The advantage of allowing the composition to change
throughout the ChemDASH run is that the feasibility of solid
solutions to form between end members can be evaluated. The
acceptance of a substitution event shows that in theory a solid
solution of that composition should be synthesisable. The more
readily substitution events are accepted, the more likely it is that
a solid solution will form between the two compositions.

The samples of structures derived from the vc-ChemDASH
runs can be mapped to the sample of structures generated from
the standard ChemDASH runs where the same regions of
configuration space are explored. Given we have already shown
the power of ChemDASH in finding low energy structures
relative to random swapping, we can conclude that the vc-
ChemDASH methodology is a useful extension to ChemDASH
for allowing the exploration of both compositional and config-
urational space. Although the phase space here is relatively
simple in that there are only nine different compositions to
consider, many chemical spaces are not as simple and could
require many more compositions to be tested before adequately
sampling the composition space. This extension to ChemDASH
allows us to explore the compositional space adequately
without resorting to individual ChemDASH runs for all
compositions.

4.3 Starting with the AFM magnetic structure

The ground state magnetic structure of ZnFe,0, is AFM and as
such ChemDASH runs were also performed using the correct
AFM structure for ZnFe,0, starting from normal MnFe,O, and
ZnFe,0,4. For tetrahedral sites, all magnetic moments are
aligned in a FM arrangement. The results of this are shown
in Fig. 9. As with the FiM vc-ChemDASH runs, the lowest energy
ionic configuration for all compositions is the normal cation
configuration (Fig. 9a and b).
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Fig. 9 (a) and (b) show the distribution of structure energies for Chem-
DASH runs starting at normal (a) MnFe,O4 and (b) ZnFe,O4 with the AFM
magnetic structure as a function of the number of Zn atoms in the structure.
Runs with 25% (left), 50% (central) and 75% (right) are plotted and each run is
coloured by structure index to show the evolution of each ChemDASH run.
(c) The distribution of structure energies relative to FiM-MnFe,O,4 and FiM-
ZnFe,O4 show the differences in total energy between FiM and AFM
magnetic structures as each ChemDASH run evolves. Each coloured data
set is the aggregate of the 25, 50 and 75% substitution rates. AE is defined
relative to the energies of AFM normal MnFe,O,4 and AFM normal ZnFe,O,.
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Comparison of the energies of the AFM and FiM runs are
presented in Fig. 9c with relative energies defined relative to
FiM normal MnFe,0, and AFM normal ZnFe,O,. For all com-
positions except Nz, = 7 or 8 the ground state structure is most
stable in the FiM runs than the AFM runs. This shows a
collapse of the AFM magnetic structure upon addition of a
small amount of Mn to the unit cell. Looking at the whole
collection of sampled structures shows that when any inversion
is introduced, even for N,, = 7 or 8, structures have a lower
energy in the FiM state than the AFM state.

Even with the higher and wider range of energies for the
AFM runs, the sample of structures obtained from the AFM
runs are similar to those of the FiM runs and the swapping-only
runs. The acceptance rates for AFM runs are also very similar to
those of FiM runs (Table S1, ESIt). Although the algorithm is
robust to using different magnetic structures, it seems that for
this system that the FiM set-up is a more appropriate choice to
use for finding new spinel configurations and compositions.

An interesting observation is that due to the change in
magnetic symmetry, the normal spinel configuration no longer
has only one unique magnetic structure for any of the mixed
composition spinels (i.e. excluding MnFe,O, and ZnFe,0,).
This is due to the two unique layers of tetrahedral sites that
can either be between FM aligned octahedral layers or AFM
aligned octahedral layers (see Fig. 4b). As mixing of the two end
members reaches an equimolar mix of Mn and Zn, many
unique normal structures are possible. When the magnetic
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structure is changed to the FiM structure, these unique struc-
tures collapse to the same equivalent structure. This is most
clearly observed in Fig. 9a where multiple different normal
spinels are observed for N, = 2-5. An extensive discussion of
magnetism in spinels is presented by Tsurkan and coworkers.>

4.4 Starting with the fully inverse cation configuration

Starting from the fully inverse cation configuration presents a
much more difficult challenge for the methodology. The fully
inverse structure for both MnFe,O, and ZnFe,O, are the
furthest cation configurations from the ground state and so
present a worst-case scenario for looking at unknown phase
fields. The distribution of structures in terms of degree of
inversion (Table 1) also presents a challenge as there are far
fewer low inversion structures than there are high inversion
structures which makes finding the normal ground state diffi-
cult at any composition.

The inverse structures at the start of each set of runs have
much higher energies than the ground state (38.7 meV atom "
for MnFe,0O, and 45.2 meV atom ' for ZnFe,0,). As the run
progresses, the energy of the structure decreases quite rapidly
until only the lowest energy structures are sampled. In Fig. 10a
and b, the trajectory clearly shows that for each run the energy
of the system decreases as the run progresses and after 20 steps
does not increase to an energy above 30 meV atom ' with
structures where Fe.; > 4 no longer sampled. Across all 6 runs
conducted starting from inverse structures, no substitution
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Fig. 10 Distribution of structure energies for ChemDASH runs starting at inverse (a) MnFe,O4 and (b) ZnFe,O4 with the FiM magnetic structure as a
function of the number of Zn atoms in the structure. Runs with 25% (left), 50% (central) and 75% (right) are plotted and each run is coloured by structure
index to show the evolution of each ChemDASH run. The results are also plotted coloured by the number of tetrahedral Fe** atoms (c and d)
representing the total degree of inversion of each structure. AEg is defined relative to the energies of FiM normal MnFe,O4 and FiM normal ZnFe,O4.
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events are accepted directly from the initial structure. For
MnFe,0, and ZnFe,0, starting runs, substitution steps are
not accepted until cations are swapped to lower the energy to
below 20 and 30 meV atom ' respectively (relative to the
ground state end members).

Across all substitution levels the energy of the system
decreases as the run progresses. The Mn-0.25 and Mn-0.50
runs find the normal ground state structures for Nz, = 4, 5. By
finding the ground state, it is shown that the algorithm can
start from the highest energy structure possible and evolve the
system to find the lowest energy structure. The ground state is
not found for the Mn-0.75, most probably due to the small
number of swapping steps attempted in the 100 structure run.
The true ground state is also not found starting from the
inverse ZnFe,0, structure although many structures with 1
tetrahedral Fe atom are found (Fig. 10). This suggests that
more than 100 structures may need to be sampled in order to
find the true ground state structure.

In Fig. 10c and d, the degree of inversion decreases very
quickly with very few high inversion structures sampled. This
shows the benefit of using the BVS method in ChemDASH to
direct swaps away from high energy, high inversion structures
to lower energy, low inversion structures. It is also informative
that the majority of structures sampled starting from the
inverse structures are in the same composition and configu-
ration space as those of the normal-start runs. This shows that
the structures sampled throughout the run are independent of
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the starting ionic configuration given sufficient steps for the
run to equilibrate. The ability of the algorithm to operate well
even when starting from high energy structures is essential for
use in new and unknown phase spaces.

5 Solid solution properties

Having looked at how the new implementation of ChemDASH
works with the types of structures it samples, the properties of
the solid solution can be analysed. Not only does this serve as
an investigation of the Mn-Fe-Zn-O spinel phase space but
also provides a template for analysing ChemDASH runs.

The radial distribution function (RDF) in Fig. 11 for metal-
metal and metal-oxygen distances of all accepted structures
starting from the normal FiM structures (as presented in
Section 4.2) are shown in Fig. 11a and b. Fig. 11a shows the
intermetallic distances for octahedral-octahedral (3.05 A), octa-
hedral-tetrahedral (3.55 A) and tetrahedral-tetrahedral (3.70 A)
sites. The peaks at 3.05 A and 3.55 A highlight the abundance of
Fe in octahedral sites while the peak at 3.70 A highlights the
abundance of Mn and Zn in tetrahedral sites. Fig. 11b shows a
clear distinction between Zn atoms in octahedral (2.01 A) and
tetrahedral (2.14 A) sites. The same observation can be made
for the Fe-O bond lengths in tetrahedral (1.93 A) and octahe-
dral sites (2.05 A). The octahedral site peak (2.05 A) is dominant
for Mn and the tetrahedral peak at 2.19 A is barely resolvable.
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Fig. 11 Radial distribution functions of metal-oxygen M-0O (a) and metal-metal M—M (b) distances for vc-ChemDASH runs starting with normal FiM
starting structures. Distribution of energies as a function of average M-O octahedral bond lengths (c) and tetrahedral bond lengths (d).
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A comparison of average bond lengths of each metal in
octahedral and tetrahedral sites is shown in Fig. 11c and d. In
general, the trend of M-O bond lengths holds where Mn-O >
Zn-O > Fe-O for both octahedral and tetrahedral sites. There
are however some clear outliers for the average octahedral and
tetrahedral bond lengths. These outliers have smaller average
Mn-O octahedral and larger Fe-O tetrahedral bond lengths
than the majority of Mn and Fe sites and make up 4.3% of all
structures sampled. To further investigate the origin of these
outliers, the data was split into the majority of structures and
the subset of outliers for subsequent analysis.

Looking at the magnetic moments of the minority subset
shows deviations from the expected d°> Mn** and Fe®" config-
urations. For each structure in the subset there is a coupling
between an octahedral Mn and tetrahedral Fe resulting in a
lowering of the overall magnetic moment of both the Mn and
Fe. For all structures these sites are direct neighbours as shown
in Fig. 13. The average magnitude of the magnetic moment for
octahedral and tetrahedral Fe sites is 4.2 up in the non-coupled
sites. The average magnetic moment decreases significantly to
3.7 ug in the coupled subset. For Mn, the average magnitude of
magnetic moments are 4.6 ug for octahedral and tetrahedral
sites of the non-coupled structures. The average magnetic
moment is again decreased for the coupled subset to 3.9 ug.
The origin of this can be attributed to an oxidation of Mn>* to
Mn** and a reduction of Fe*" to Fe*".

The projected density of states for a representative coupled
and non-coupled structure are presented in Fig. 12. Each
structure has four Mn atoms and four Zn atoms and each has
one Mn in an octahedral site. The octahedral Mn states in
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Fig. 12a show a single unoccupied low energy unoccupied state
in the spin-up channel as would be expected in a d* Mn®*
cation. The two high energy occupied states in the spin-up
channel of the non-coupled structures (Fig. 12b) correspond to
the two higher energy filled states in the high-spin d° electronic
configuration of Mn*",

Fig. 12¢ distinguishes Fe** and Fe®" in different tetrahedral
sites and shows the difference in electronic density of states
between the two sites. The Fe*" site has a single high-energy
occupied state as would be expected for a high-spin Fe** d°
cation. The Fe*" tetrahedral site density of states in the coupled
structure matched that of the tetrahedral Fe in the non-coupled
structure (Fig. 12¢) with no high-energy filled states in the spin-
up channel. The distortion of the minority subset is therefore
attributed to Jahn-Teller distortion of the Fe*" and Mn*" metal
cations. This confirms the coupling nature of the subset of
distorted structures allowing for some Mn*' and Fe*' to be
present in the system.

Experimentally, there are various reports of the presence of
Mn*" and Fe*" in the Mn-Fe-Zn-O spinel phase field. Harrison
and coworkers®® determine for a sample of MnFe,O, that
approximately 7% of Fe is in the Fe** state and 17% of Mn is in
the Mn®" state. Ji and coworkers™ find a Zn-doped MnFe,O, with
a slight excess of Fe resulting in approximately 3% of Fe in the
Fe®* state with Ti** doping increasing the amount of Fe** up to
6%. Bonsdorf and coworkers® find a temperature dependence
for the Mn>*/Mn®" ratio where high temperature processing
forms Mn** exclusively. Their work however finds no existence
of Fe*" using Mossbauer spectroscopy. Carta and coworkers®’
argue that in a pure sample of MnFe,O,, a highly inverted

—— Tetrahedral Mn?* (b)
Octahedral Mn?*

N
o

-20

Density of States
o

-8 -6 -4 -2 0 2 4 6 8
Energy / eV
40

Tetrahedral Fe3*
—— Octahedral Fe3*
20

Density of States
o

-8 -6 -4 -2 0 2 4 6 8
Energy / eV

Fig. 12 Projected density of states for coupled and non-coupled structures. Projected density of states for Mn in coupled (a) and non-coupled (b)
structures. Project density of states for Fe in coupled (c) and non-coupled (d) structures.
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Fig. 13
with bond lengths showing distortion of structure. (c) Fe tetrahedron.

structure (x~70% inversion) is attributed to partial oxidation of
Mn** to Mn®", Antic and coworkers®® on the other hand show
cation deficit Zn-Mn ferrites where they observe no Mn*" but
claim the presence of Mn**. They also find Fe** in small quan-
tities. These experimental reports suggest that the presence of
Mn** and Fe®" in Zn-Mn ferrite spinels is certainly possible but
that this is strongly dependent on synthesis methods and condi-
tions. It is noted that the orbital occupancies and magnetic
moments calculated by the DFT+U approach used in our study
will depend on the value of U used.”” Nevertheless, our results are
consistent with experimental reports of the presence of Fe** and
Mn** in members of this solid solution.

This section highlights the physical properties that can be
obtained across an entire spinel phase space using the new
ve-ChemDASH methodology. From this trends and properties
such as inversion degree, cation charges, etc. can be deter-
mined before more refined ChemDASH calculations on specific
compositions can be conducted. This new methodology there-
fore allows for broad properties of the spinel phase space to be
predicted in a single ChemDASH calculation.

6 Conclusions

We have presented here developments to the ChemDASH
methodology allowing for the consideration of magnetic struc-
tures and the variation of the composition of a system during
a ChemDASH run. We show that the original ChemDASH
methodology is an efficient search algorithm for finding low
energy configurations of spinels in the Mn-Fe-Zn-O phase
field. From this, we show that the new variable composition
methodology can be used to assess the likelihood that a solid

This journal is © the Owner Societies 2022
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(a) Example structure of the coupling between tetrahedral Fe (orange tetrahedron) and octahedral Mn (purple octahedron). (b) Mn octahedron

solution forms between two end members without having to
assess all compositions individually. By reducing the number of
structures that need to be assessed, this methodology provides
an efficient search in both composition and chemical space.
We also show that this methodology works well with different
magnetic structures and starting configurations ideal for eval-
uating unknown composition spaces in solid solutions between
materials. It is envisaged that this methodology will be used to
evaluate solid solutions in other structure types (e.g. perovs-
kites) beyond spinels to find new materials with functional
properties.
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