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A new interatomic potential for mixed Mg-Al-Ga-In spinels

Michael J. D. Rushton, Michael W. D. Cooper, Ghanshyam Pilania, Blas P. Uberuaga

• A new many-body potential for the mixed
Mg-Al-Ga-In-O system has been derived, cal-
ibrated against energies from density func-
tional theory.

• The new potential correctly predicts the ther-
modynamic stability of MgAlGaO4 while
also correctly predicting that MgGaInO4 and
MgAlInO4 are unstable.

• The potential also provides a reasonable de-
scription of temperature-dependent elastic
properties as compared to experiment.
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Abstract

While density functional theory (DFT) has become the de facto approach for accurate simulation of materi-
als at the atomic scale, there are many aspects of materials that are simply out of reach of DFT methods. In
particular, finite temperature properties such as diffusivities, the structure and properties of grain bound-
aries and interfaces, and the study of defect properties in complex alloys are computationally challenging
for DFT methods. Recently, a new class of spinels in which three cations order over two sublattices was
discovered. In order to predict the properties of these types of structures, classical potentials are a must.
In this work, we derive a new classical potential for Mg-bearing spinels in which the B cations are Al, Ga,
and/or In. The potential does well in describing the DFT energetics of various spinel structures as a func-
tion of chemistry and inversion. In particular, it reproduces the thermodynamically favorable MgAlGaO4
structure while correctly predicting that neither MgAlInO4 nor MgGaInO4 are stable. Further, it reproduces
physical trends in elastic properties as compared against experiment.

Keywords:
spinel, molecular dynamics, disorder, complex oxides

1. Introduction

Complex oxides, defined here as having more
than one cation, offer tremendous potential in
numerous technologies, from functional materials
such as fast ion conductors and ferroelectrics to ar-
mor materials and even pigments. However, the
same complexity that provides critical functional-
ity also leads to challenges to understanding. A
larger number of cations leads to more flexibility
and variety of properties but also a greater struc-
tural and chemical space to examine to understand
and design against. The typical approach of us-
ing density functional theory (DFT) to examine
structure-property relationships for complex ox-
ides is certainly very powerful, but becomes in-
tractable as complexity grows. And while, from
a simulation point of view, we will never replace
DFT for the most accurate descriptions, it is ex-
tremely valuable to have classical potentials to ex-
amine scenarios that are currently, and for the fore-
seeable future, out of reach of DFT approaches.

A large range of phenomena require either
longer simulation times or larger system sizes than
can currently be treated with DFT alone. These in-
clude the structure and properties of grain bound-
aries, interfaces, and dislocations as well as the
evolution of bulk and surface defects responsible
for surface growth, radiation damage annealing,
and sintering. While there are approaches such as
the accelerated molecular dynamics methods [1]
to extend the timescale of atomistic simulations,
these are currently only efficient if using classical
force fields. Even machine learned potentials [2, 3],
while often reaching high levels of accuracy, are of-
ten too expensive for very long or very large sim-
ulations. Thus, for many practical systems of tech-
nological interest, we need classical models of in-
teratomic interactions.

Spinels are a class of complex oxides that offer
great promise for numerous functionalities. How-
ever, their chemical complexity requires classical
models to complement DFT studies of their prop-
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erties. In particular, a recently-discovered class of
ordered ’double’ spinels [4, 5] extends the space
of spinel-structured materials but with additional
chemical complexity. ’Single’ spinels, with the
generical chemical formula AB2O4 are known to
exhibit various degrees of inversion - mixing be-
tween the cations on the tetrahedral site and the
octahedral site - depending on chemistry, process-
ing, temperature, and irradiation. Properties such
as defect kinetics [6, 7, 8] and optical spectra [9]
depend on the level of inversion. In the double
spinels, with the formula ABB’O4, three different
cations can now mix and order across the two sub-
lattices. This increases the chemical landscape of
the material, further modifying defect properties.

An important aspect of these double spinels
is that only some mixtures of single spinels will
form a thermodynamically stable ordered dou-
ble spinel [10, 4, 5]. For example, of the various
possible combinations of mixing MgAl2O4 (here-
after referred to as MAO), MgGa2O4 (MGO), and
MgIn2O4 (MIO), only the MAO+MGO mixture re-
sults in an ordered double spinel - MgAlGaO4.
To understand the thermokinetics associated with
these more chemically complex materials, atom-
istic simulations of larger length and longer time
than possible with DFT need to be performed, thus
motivating the development of a new classical po-
tential for these systems.

These mixed spinels offer new opportunities for
functionality. For example, MgGaAlO4 has been
used as a catalyst for CO2 [11]. Doped versions of
the same compound have been studied for their lu-
minescence properties [12] and as a near infrared
long-afterglow material [13]. Solid solutions of
MgGaO4 and MgInO4 have been considered for
transparent conducitive oxides [14, 15, 16], as have
mixtures of MgAlO4 and MgInO4 [17, 15]. Thus,
there is a growing interest in understanding the
properties of these materials and therefore a need
to be able to describe their structure beyond the ca-
pabilities of DFT.

In this manuscript, we describe a new poten-
tial for MAO-MGO-MIO spinels that accurately
describes the thermodynamic formation of the
MgAlGaO4 double spinel while at the same time
predicting the instability of such a compound for
MAO+MIO and MGO+MIO. We use the recently-
derived CRG potential form [18], which allows
us to describe subtle changes in coordination-
dependent interactions in these compounds. With
the new potential in hand, we then assess thermal

properties that would be challenging if not out-
right impossible to consider with DFT methods.
This new potential will allow for simulations of an
exciting new spinel structure and provide new in-
sight into the functionality of this new compound.

2. Methods

2.1. Definition of Inversion Level

Spinels are characterized by their level of inver-
sion, or the degree to which the A and B cations
mix across the two sublattices. In a normal AB2O4
spinel, with zero inversion, the A cations reside on
the tehtrahedral sublattice while the B cations are
on the octahedral sublattice. With increasing in-
version, often denoted by the parameter i, there is
greater mixing between the two sublattices. At full
inversion i = 1, all of the tetrahedral sites are filled
with B cations while the octahedral sublattice con-
tains equal ratios of the two cations. Note that in-
version is not the same as disorder. For a given
level of inversion, the system can be fully ordered
or exhibit some degree of disorder - the inversion
parameter does not specify the disorder level. A
fully random spinel, in which the cations are ran-
domly distributed over the two sublattices, would
have an inversion level i = 2/3.

2.2. Fitting Approach

An automated fitting approach was adopted for
the development of the potential model. Potential
fitting involves proposing an initial set of values
to parametrise a potential model (described later,
see X). The resulting model is then used to calcu-
late structure and properties of a number atomic
systems. These are then compared against a fit-
ting database containing desired property values.
By summing over the residual difference between
the model candidates and database values, a figure
of merit is defined. The intention of potential fit-
ting is to minimise this merit value. In automated
systems, such as that used here, optimisation al-
gorithms iteratively adjust the potential parame-
ters in order to gradually reduce the merit value
so that property predictions of sufficient fidelity
are obtained. In this work the initial stages of fit-
ting used particle swarm optimisation [19] before
switching to the Nelder Mead Simplex algorithm
for final refinement of parameters [20, 21]. The
implementation of the particle swarm algorithm
provided in the Inspyred package was used [22],
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whilst the simplex algorithm came from the Mys-
tic package [23, 24]. The fitting procedure was co-
ordinated by the Potential-Pro-Fit system created
by Rushton [25].

The current potential model was fitted to a
database of DFT values that were calculated in
prior work [4]. This contained the 106 distinct
spinel configurations that had been structurally re-
laxed using the VASP code. From these, relaxed
atom positions, cell parameters, individual elastic
constants (c11, c12, c13, c33, c44 and c66) and en-
ergies were extracted, all of which were included
in the fitting process. This was achieved by struc-
tural relaxation achieved via energy minimisation
of each spinel configuration for the candidate clas-
sical potential model. The merit value was then
obtained by summing the root mean squared dif-
ferences between the properties obtained for the
classical potential and the original DFT values.
This sum was taken across all 106 spinel struc-
tures and chemistries. Energy minimisations were
conducted using the GULP 5.0 [26, 27, 28] code
which was controlled by our software for potential
derivation [25].

During fitting to DFT energies, the enthalpy of
mixing for each spinel structure was used. As it
is also used in the results presented later, it is use-
ful to show how this is calculated here. As dis-
cussed in Ref. [4], all energies were calculated us-
ing VASP [29, 30, 31, 32]. The mixing enthalpy
of each double spinel configuration was computed
relative to the energies of the ground state struc-
tures of each component single spinel:

∆Emix = EMgBB′O4
− 1

2

(
EMgB2O4

+ EMgB′
2O4

)
(1)

2.3. Potential Model

The Finnis-Sinclair variation of the Embedded
Atom Method (EAM) developed by Daw and
Baskes was employed in this work [33]. Here it has
been used to introduce a degree of environmental
dependence to what is primarily a pair-potential
model. The variation of inversion exhibited by the
systems studied here gives rise to a wide range of
distinct crystallographic environments. The aim of
using the EAM, therefore, is to produce potential
description that can adequately describe interac-
tions for atoms in all these local configurations.

Equation 2 identifies the major components of

the EAM model employed:

Ei =
1

2

∑
j

ϕαβ(rij)−Gα

√∑
j

σαβ(rij) (2)

where Ei is the potential energy of an atom (i). The
first sum calculates the pairwise interactions be-
tween i and surrounding atoms j. The distance be-
tween atom pairs (rij) is used to evaluate the pair
contribution to the potential as the combination of
an electrostatic and short-ranged component (the
latter having a cut-off distance of 10 Å). These can
be identified as the first and second terms in the
following equation:

ϕαβ(rij) =

[
qαqβ

4πϵ0rij

]
+

[
Aαβ exp

(
−rij
ραβ

)
− Cαβ

r6ij

]
(3)

The charges on the interacting ions are qi and
qj . In this work, partial charges have been
used throughout with an ionicity of 2/3, mean-
ing that the charge on oxygen was -1.33, whilst
2+ and 3+ cations had charges of 1.33 and 2.0,
respectively. Long-range electrostatic interactions
were calculated using the Ewald sum in GULP
and the particle-particle particle-mesh solver in
LAMMPS [34]. The ionicity, and hence the partial
charges, were allowed to vary during the fit and
good results were obtained for an ionicity of 2/3.

The second term in equation 3 describes short-
ranged interactions and uses the Buckingham po-
tential form [35]. The parameters Aαβ , ραβ and
Cαβ were adjusted during fitting to best describe
the interaction betwen species pairs αβ.

We now move our attention to the many bod-
ied component of the model (−Gα

√∑
j σαβ(rij)

in equation 2). Here σαβ is known as the den-
sity function and the sum is over this notional
electronic density for the atoms surrounding the
central atom, i. The density sum is then passed
through an embedding function (here, negative
square root) to yield the many body term. Gα, the
embedding parameter, is another fitting parameter
and this adjusts the scale of the electronic density
embedded around atom i of species α. The form of
the density function is now given:

σαβ(rij) =
nαβ

r12ij
(4)

The nαβ parameter is the last adjustable param-
eter included in the fitting procedure. As noted
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Pair Aαβ ραβ Cαβ

interaction (eV) (Å) (eVÅ6)
(α− β)
O-O 7796.75403 0.259721 0.0
Mg-O 3532.24990 0.226573 0.746495
Al-O 15002.73002 0.196772 37.817297
Ga-O 4005.37109 0.234466 8.8441193
In-O 3627.22434 0.249864 0.0

Table 1: Parameters for pairwise component of the potential
model. All parameters not explicitly provided were set to zero.
In particular, there is no pairwise interactions between cations
beyond the Coulomb interaction.

above, the Finnis-Sinclair variant of the embedded
atom method has been used. In the original EAM
the same function is used to calculate the density
of a particular species. In the Finnis-Sinclair ver-
sion, however, density functions are specified for
each pair of species. This means that a different
value of nαβ may be used to calculate the oxygen
density embedded around a gallium atom (nGa-O)
than for the oxygen density around indium (nIn-O).
This has been used here so that only the oxygen
density is calculated around Ga and In.

3. Results

In this section the results of the fitting proce-
dure will be reported. The model is then validated
by comparing property values calculated using the
fitted model with available experimental data. Fi-
nally, model predictions are given and described
to help increase understanding of these spinel sys-
tems.

The potential model parameters resulting from
the fitting process are given in Tables 1, 2 and
3. The pair parameters for equation 3 are given
in Table 1. For the many-body interactions, the
value of the embedding parameter, Gα from equa-
tion 2 appear in Table 3 whilst the values for the
density function (equation 4) are given in Table 2.
Plots of the different functions are provided in
Fig. 1, which highlights that all of the functions are
smooth with no spurious cusps or sharp deriva-
tives.

3.1. Quality of Fit
Figures 2–4 compare the enthalpies of formation

from the DFT fitting database with those predicted
by the classical potential model derived for this
work. The three compositional axes (Al-Ga, Ga-In

Interaction (α− β) nαβ

Ga-O 23942.18
In-O 70000.00

Table 2: Density function parameter for the embedded atom
model component of the potential model. All parameters not
explicitly provided were set to zero.

Species (α) Gα (eVÅ1.5)
Ga 0.14502465
In 0.01069124

Table 3: Embedding function parameter for the embedded
atom model component of the potential model. All parame-
ters not explicitly provided were set to zero.

and Al-In) are plotted in Figures 2, 3 and 4, respec-
tively. In these, the expected (DFT) and fitted en-
ergies are plotted as pairs, linked by lines to give
the appearance of a dumbbell. Each DFT energy
(blue) its connected to its classical counterpart (or-
ange) by a line centered above a particular compo-
sition on the x-axis. As described earlier, the DFT
fitting database contained multiple structures for
each spinel composition, with the degree of inver-
sion sometimes varying even for the same compo-
sition. This is shown in the figures by the degree of
infill each point has. An empty point has the nor-
mal spinel structure whilst a filled point is fully in-
verted; the 1

4 , 1
2 and 3

4 fill fractions showing those
intermediate levels of inversion.

Another way to show the quality of the obtained
fit against the reference DFT is to use a parity plot
of the type shown in Figure 5. This plots the ex-
pected DFT enthalply of mixing against those ob-
tained from the potential. Parity is represented by
a line with a slope of one passing through the ori-
gin (shown in the figure as a dashed black line).
As would be expected the majority of points are
clustered close to this line. It should be noted that
points at the upper end of both the DFT and poten-
tial axes represent structures with high enthalpies
of mixing. These are unlikely to form when com-
pared to those in the bottom left corner of the plot.
An important property of the potential model is
that it correctly predicts the correct low energy
structure for each spinel composition. The effect of
this can be seen in the parity plot (Figure 5) by the
close correspondence between the dashed line and
structures with formation energies less than 0.5 eV,
in the lower left quarter of the figure.

Returning to the dumbbell plots for a moment
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Figure 1: Plots of the various functions defining the potential. (a) The pairwise functions versus atom separation. (b) The density
function versus atom separation. (c) The energy versus the density function.

Figure 2: Comparison of derived potential model with DFT en-
ergies for the Al-Ga system. The RMSE for the potential for this
system is 0.146 eV.

Figure 3: Comparison of derived potential model with DFT en-
ergies for the Ga-In system. The RMSE for the potential for this
system is 0.168 eV.
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Figure 4: Comparison of derived potential model with DFT en-
ergies for the Al-In system. The RMSE for the potential for this
system is 0.164 eV.
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Figure 5: Parity plot comparing the formation energies ob-
tained from DFT with the fitted potential model. Points falling
on the dashed line have the same energy in both DFT and po-
tential model calculations.

(Figures 2–4), if the classical potential model had
been able to perfectly replicate the DFT energies
then the dumbbells for each energy pair would all
be horizontal, showing an energy difference be-
tween the classical and DFT values of 0 eV. Al-
though a great many structures are close to this
ideal, there are also some with significant energy
differences (steep lines). Similarly, these plots pro-
vide a rapid visual check as to whether the poten-
tial model energies occur in the same sequence as
DFT. When they do not, crossed lines are apparent.
In general, the potential model has done well in
preserving the correct ordering, particularly when
the more thermodynamically stable structures, at
lower formation energies, are considered. Again
it should be emphasised that in all cases the low-
est energy structure for each composition is the
same for both DFT and potential models. This
also means that the model also reproduces the im-
portant result by Pilania et al. that a negative en-
thalpy of mixing can be obtained for an equimo-
lar MgAl2O4-MgGa2O4 composition (i.e. the low-
est energy structure in Figure 2 with fraction Ga =
0.5) [4].

3.2. Thermomechanical Properties

Bulk moduli were calculated as a function of
temperature for the new potential model. Proper-
ties were obtained for the lowest energy structures
for each spinel composition (see Figures 2–4) using
the following process. Bulk modulus (k) measures
a material’s elastic response to changes in volume:

k = −V
dP

dV

where P is pressure and V is volume. A series
of molecular dynamics runs, performed using the
LAMMPS simulation package [34], was conducted
in order to establish the relaxed volume and pres-
sure derivative at a given temperature. The tem-
perature of the system was initialised through 5 ps
of MD in the NPT ensemble (allowing cell lengths
to relax to zero pressure) using a Nosé-Hoover
thermostat and barostat using relaxation parame-
ters of 0.04 ps and 0.1 ps respectively [36, 37, 38].
The relaxed volume was obtained through a fur-
ther 10 ps of NPT dynamics, the volume being av-
eraged over the final 8 ps.

To allow a numerical derivative to be taken, five
simulations boxes were created based on this re-
laxed volume, each containing 1792 atoms, the vol-
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umes of which were scaled to be above and be-
low the relaxed volume established in the previous
step. The cell lengths for these boxes used scaling
factors of 0.98, 0.99, 1.00, 1.01 and 1.02 respectively.
These were then equilibrated in the NVT ensem-
ble (holding their cell lengths fixed) with 2 ps of
dynamics to establish the target temperature and
a further 8 ps during which the average pressure
of the system was taken. Temperature was again
controlled using a Nosé-Hoover thermostat. The
dP
dV derivative was then established, for the relaxed
unstrained box volume, via a quadratic fit to the
pressure vs volume data obtained from scaled sim-
ulation boxes. In this way, bulk moduli were ob-
tained for temperatures between 300K and 2000K
in steps of 50K.

It is useful to compare the bulk moduli pro-
duced by the potential model with comparable
experimental measurements. The majority of the
mixed double spinels used to derive the poten-
tial model had positive mixing enthalpies [4].
This means that many of them are unlikely to
form and whilst efforts are underway to syn-
thesise the composition which shows a negative
mixing enthalpy, experimental property data for
the double spinel systems is currently unavail-
able. Despite this, values for the single spinel end-
members are more readily available. Figure 6 plots
MD derived bulk moduli alongside experimen-
tal measurements made by Askarpour et al. for
MgAl2O4 [39]. A similar comparison is made for
MgGa2O4 in Figure 7 using the experimental data
of Hirschle et al. [40]. Experimental bulk modulus
measurements could not be found for the MgIn2O4
end-member.

The MD results provide a good match to the ex-
perimental trend in bulk modulus with tempera-
ture for MgAl2O4 as shown in Figure 6. The ex-
perimental data shows a linear downward trend as
temperature increases. Whilst there is a good deal
of overlap between both MD and the Askarpour
data [39], this trend is slightly steeper for the simu-
lation data, meaning it over-predicts bulk modulus
below 500 K and underpredicts over 1000 K. Also
included in Figure 6 is a dashed horizontal line
showing the bulk modulus value obtained from
static DFT calculations. This is effectively a value
taken at T=0K and shows that the DFT tends to un-
derpredict the bulk modulus for this material.

The results for MgGa2O4 (Figure 7) again show
that DFT tends to underpredict the experimental
values of Hirschle et al. [40]. In this case, however,

Figure 6: Bulk modulus as a function of temperature for spinel
end-member MgAl2O4. Molecular dynamics (MD) data are
compared with experimental values from Askarpour et al.
(open symbols) [39]. Horizontal dashed line indicates bulk-
modulus obtained from static DFT calculations.

}

Figure 7: Bulk modulus as a function of temperature for spinel
end-member MgGa2O4. Molecular dynamics (MD) data are
compared with experimental values where possible (open sym-
bols). Horizontal dashed line indicates bulk-modulus obtained
from static DFT calculations.
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the classical potential produces bulk moduli that
are always lower than both DFT and experiment
within the plotted temperature range (300–2000K).
The difference between the MD and experimental
data is 34 GPa at 300K and 51 GPa at 1600K.

Bulk moduli are shown visually as heatmaps in
Figure 8. These plot temperature along the ver-
tical axis and composition along the horizontal
axis, with the colour of each cell showing the bulk
modulus. Hot colours indicate high values while
cool colours indicate lower values of the modulus.
Three maps are provided, one for each of the dou-
ble spinel compositional ranges (Al-Ga, Al-In and
Ga-In). Each vertical bar in these maps represents
the lowest energy structure for a given composi-
tion and shows the bulk modulus as temperature
increases on moving up the plot. Additionally, the
degree of inversion is given for each low energy
structure’s respective bar.

All the systems show bulk modulus decreasing
with temperature. The Al-Ga spinels tended to be
slightly stiffer than the other systems with a max-
imum modulus of 219 GPa (x=0.125 at T=300K)
which decreases to a minimum of 91 GPa (x=0.625
at T=2000K). By comparison, the ranges for the Al-
In and Ga-In systems were 69–207 GPa and 69–
158 GPa respectively. For these two cases, both
minimum values occurred for x=1.0 and T=2000K
whilst they were highest at x=0.0 and T=300K.

In general, the gradations in colour across the
heat maps are relatively smooth, indicating pro-
gressive changes in bulk modulus as composition
and temperature vary. Despite this general trend,
when moving along the composition axes there
are some points which show more abrupt changes.
For instance, in the Al-Ga heatmap there is a step
up in modulus between x=0 and x=0.125, when
the trend in the surrounding data is for it to de-
crease. There is a similar step down between x=0.5
and x=0.625 before a slight increase to x=0.75.
These slight jumps can be shown more clearly by
plotting the bulk moduli as a function of compo-
sition for a single temperature. This is shown for
T=300 K in Figure 9 for all three double spinel com-
positional ranges. Each point in this figure has also
been labelled with its corresponding structure’s
degree of inversion. These help show that abrupt
changes in the trend in bulk modulus with x oc-
cur when the degree of inversion changes in re-
lation to surrounding points. The abrupt changes
noted for the Al-Ga structures above are consistent
with this. The increase in modulus between x=0.0
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Figure 8: Heatmap showing bulk moduli values for the low en-
ergy systems calculated from potential model using molecular
dynamics.
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T=300 K for the lowest energy structures from the three spinel
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degree of inversion for that structure.

and x=0.125 coincides with the inversion changing
from 0 to 1. Similarly the dip in bulk modulus at
x=0.625 happens when the inversion goes from 1
to 1

4 and back again. A similar but smaller changes
is observed for Ga-In at x=0.625 with inversion
changing from 1 to 1

2 . Inversion has less of an ef-
fect in the Al-In plot, with the difference in bulk
modulus at the points where inversion changes (at
x=0.125 and x=0) being similar to where inversion
remains the same.

4. Discussion and Conclusions

Overall, the new potential does a reasonable job
in describing the properties of mixed Al-Ga, Al-In,
and Ga-In spinels. In particular, the relative ener-
getics of different compositions for each series and
different levels of inversion for a given composi-
tion agree well with the DFT dataset. Certainly
there are discrepancies, but these tend to occur for
higher energy structures that are less thermody-
namically relevant. Most critically, the potential
correctly describes the negative heat of mixing for
the Al-Ga system at the 50/50 composition, sug-
gesting it would be suitable for studying the prop-
erties of the MgAlGaO4 double spinel structure.

The new potential represents a significant im-
provement in the description of the mixed spinels
as compared to the literature potential of Bacorisen
et al. [41]. While that potential does predict a ther-
modynamically stable MgAlGaO4 structure, it is

different than the one predicted by DFT. Further,
the one predicted by DFT is predicted to be much
higher in energy and thermodynamically unstable
with the Bacorisen potential. Finally the RMSE for
that potential for all of the structures considered in
Fig. 2 is much higher with that potential than the
new one described here: 0.64 eV vs 0.14 eV. Thus,
while that potential has been successful in model-
ing the individual spinels [41, 42, 6, 43], it is less
suitable for these mixed compounds.

The new potential also does well for elas-
tic properties at ambient conditions as com-
pared to prior experiment and DFT. Temperature-
dependent comparisons of the bulk modulus
are provided in Figs. 6–7. Further studies
have found values of the bulk modulus of
197.9±0.2(experiment) [44] and 208 GPa (DFT) [45]
for MgAl2O4, 163 GPa (DFT) [45] for MgGa2O4 and
132 GPa (DFT) [45] for MgIn2O4. As shown in
Figs. 6–7, our potential agrees well with these val-
ues (for reference, our potential finds a bulk mod-
ulus for MgIn2O4 of 116.44 GPa). Note that these
two studies emphasize the behavior of elastic con-
stants under pressure, something which we have
not considered here.

The temperature dependent bulk moduli are
also reasonably described as compared to exper-
iment for the cases where experimental data ex-
ists. Importantly, trends with temperatures are
well reproduced even if the absolute magnitude
for MgGa2O4 is less well described. This gives
some confidence that finite temperature properties
will be reasonably well described by the new po-
tential.

As with all classical potentials, not all proper-
ties are perfectly reproduced. We hope and expect
that physical trends with changes in chemisty are
well described by the potential and that is what
our analysis shows. We thus expect that this new
potential will be valuable for atomistic studies of
more complex spinel chemistries involving multi-
ple B cations.

Further, given the classical nature of this poten-
tial, there are inherent limitations to the physics
it can describe. Chief amongst those are charge
transfer processes. While the cations in these three
spinels exhibit relatively little variation in valence
state, the potential cannot describe any variation in
charge state. Thus, for example, this potential can-
not describe charged defects. In addition, the po-
tential has not been tested for behavior under pres-
sure and thus may not be suitable for high pres-
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sure simulations. Finally, we have not assessed the
vibrational entropy of higher temperature struc-
tures, which is important for understanding the
high temperature stability of these compounds.
Thus, while the potential reproduces the 0 K sta-
bility of these compounds as predicted by DFT, we
have not determined how stable these compounds
would be at higher temperature.

To conclude, we have developed a new inter-
atomic potential for Mg-based spinels contain-
ing Al, Ga, and/or In. The potential reproduces
the DFT-predicted stability of mixed Al-Ga spinel
and the instability of Al-In and Ga-In spinels.
Temperature-dependent properties are also rea-
sonably reproduced. This new potential should
open new opportunities for understanding the
properties of more complex spinel chemistries and
provide insight into new possible functionalities.
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