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High-throughput investigation of the formation of double spinels  
Vancho Kocevski,*a Ghanshyam Pilania,a and Blas P. Uberuagaa

Spinel compounds, with the general chemical formula AB2O4 are a wide class of materials, where A and B can be a variety of 
cations, providing this structure with a great deal of functional flexibility and giving rise to its considerable scientific interest. 
Recently, a spinel with the general formula ABB’O4 has been predicted, increasing the possible usability of the spinels due 
to the higher cation diversity in the so-called double spinel structure. Here, we use density functional theory calculations to 
predict if double spinels can be formed between experimentally synthesized normal and inverse single spinels. Our 
computations reveal that 49 double spinels have negative mixing enthalpies and are thus thermodynamically stable, with 
most of the stable compounds being formed from one of two distinct cation orderings. We show that the 17 different cations 
that form the different double spinels have a preferred site, tetrahedral or octahedral, except for Mn, Fe and Co which can 
occupy both sites interchangeably. We also study the relation between mixing enthalpies and cation-specific properties, as 
well as ways to classify the double spinels into distinct types and spinel groups depending on the cation ordering and cation 
oxidation states, respectively. By applying the Sure Independence Screening and Sparsifying Operator (SISSO) approach on 
the coordination-dependent ionic radii of the elemental constituents, we show that an interplay of local strain and 
electrostatic dominated terms can be used to separate the double spinels into distinct structural types depending on the 
cation order and their oxidation states.

Introduction
Since their discovery more than a century ago, spinel oxides have 

found their way into many aspects of science, technology and 
everyday life. Named after the mineral “spinel” (MgAl2O4), they can 
be found in igneous rocks and as metamorphic minerals, thus having 
considerable importance in petrological studies (1). Spinels have also 
been used as precious stones in jewelry due to their relatively high 
hardness and luscious colors that can span the whole visible 
spectrum as well as black. Possibly the single most important feature 
of spinels is their diversity in cation chemistries, coming from the fact 
that the synthesized spinels contain most of the main group and 
transition metals. Together with the fact that the cation chemistry 
significantly influences the properties of spinels, they exhibit a range 
of interesting electronic (2; 3), optical (4; 5), superconducting (6; 7), 
catalytic (8; 9; 10; 11; 12) and magnetic/multiferroic (13; 14; 15; 16; 
17; 18; 19) properties, while changing cation chemistry allows for 
tailoring the properties to specific needs. This diversity of properties 
makes spinels useful in a variety of applications, such as energy 
storage (20; 21), sensing (22), lasers (23; 24), biotechnology (25), 
transparent conducting oxides (26; 27), data storage (28), dielectrics 
(29) and high frequency electronic devices (30).

Spinel compounds, typically represented by the formula AB2O4, 
where the O ions form a cubic closed-packed sublattice and the A 
and B cations occupy ⅛ of the tetrahedral and ½ of the octahedral 
sites, respectively. This is the most commonly occurring spinel 
structure, termed “normal” and first characterized by Bragg (31; 32) 
and Nishikawa (33) in 1915. The normal spinel can also be 
represented as (A)[B2]O4, where the cation residing on the 
tetrahedral site is denoted with parenthesis while, with square 
brackets, the cation on the octahedral site is represented. In what 
follows, we will omit the square brackets, and only use the 
parenthesis to denote the cation in tetrahedral site for simplicity. 
Additionally, Barth and Posnjak (34) found that the cation ordering 
in the ground state of some spinels is reversed (inverse) from the 
normal, where the tetrahedral site is occupied by the B cation, while 
the octahedral sites are shared by the A and B cations, i.e., (B)ABO4, 
termed an “inverse” spinel. At finite temperatures the cations on 
both tetrahedral and octahedral sites can start to mix, giving rise to 
an intermediate configuration (A1-xBx)AxB2-xO4, where x denotes the 
degree of inversion. The degree of inversion ranges from 0 for normal 
spinel to 1 for inverse spinel, and ⅔ for a completely random 
distribution of the cations. It has also been shown that binary solid 
solutions can be formed by mixing two single spinels of the same 
type, while mixing between normal and inverse spinels is generally 
considered to be unlikely (35). Interestingly, recently it was shown 
that an ordered quaternary spinel, (Ga)MgAlO4, can be formed from 
normal and inverse spinels (36), despite this notion that normal and 
inverse spinel should not mix. This spinel was termed a “double” 
spinel as it can be considered a hybrid of the normal and inverse 
single spinels, inspired by the notation used for perovskites. At the 
same time, the same study showed that the two inverse spinels 
(Ga)MgGaO4 and (In)MgInO4 do not have a negative mixing energy 
and any mixing in that system would be driven by entropy alone. 
Other possible orderings of the octahedral sublattice have also been 
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proposed for Li-based quaternary spinels (37). Together, these 
results suggest that conventional wisdom regarding the mixing of 
two spinels is incomplete. Further, such double spinels have a larger 
cation diversity than the single spinels, which can significantly 
increase their usability in multiferroic, optoelectronic, 
superconducting, thermoelectric, and energy storage applications, 
as well as understanding geochemical and petrological processes. 
These facts inspire the current work.

In this study we use density functional theory (DFT) to analyze the 
mixing between normal and inverse spinels over a wide range of 
chemistries, and explore the possibility of forming an ordered double 
spinel by calculating their mixing enthalpies. We pair normal and 
inverse spinels that have one cation in common to form a double 
spinel, considering three possible cation orderings. From the 
calculated mixing enthalpies we are able to predict if an ordered 
double spinel should form, and which cation ordering is more 
favorable. Initially, we try to understand if the cations prefer one of 
the two sites in the spinel, and relate the preferred cation site with 
different cation-specific properties, such as magnetic moment, Bader 
charge, ionic radius and cation–oxygen distance. To understand the 
preference for the formation of double spinels, we also study the 
relation between the change in cation specific properties when a 
double spinel is formed, and between double spinels with different 
cation orderings. Additionally, we use the cation-specific properties 
to sort the double spinels into different spinel types, as well as apply 
already known methods for sorting single spinels into distinct spinel 
types depending on the oxidation state of the cation in the 
tetrahedral site. Finally, we use the Sure Independence Screening 
and Sparsifying Operator (SISSO) approach (38; 39), which does allow 
us to classify the double spinels into inverse and normal structures, 
providing new insight into the driving force for the formation of these 
spinel structures.

Models and Methodology
The double spinel structure, in this study defined with the 

chemical formula ABB’O4, is reminiscent of the inverse spinel 
structure, where two different cations occupy the octahedral sites, 
while the tetrahedral site is occupied by the third cation. As a model 
for a double spinel structure we chose the 28-atom structure of 
GaAlMgO4 generated using cluster expansion (CE) between 
(Mg)Al2O4 and (Ga)MgGaO4 normal and inverse spinels, respectively, 
proposed by Pilania et al. (36). We should point out that there might 
be other possible arrangements of the cations on the octahedral site 
as has been shown in some Li-based inverse spinels (37). However, 
many possible cation orderings were sampled with the CE of 
GaAlMgO4 and it was found that the current structure has 
significantly lower energy than any other ordering considered (36). 
Considering this, and the fact we are screening a large dataset, for 
the current study we only use the CE-obtained double spinel 
structure that exhibited a remarkable thermodynamic stability with 
respect to the two single spinel end points. We considered the mixing 
between 49 normal and 22 inverse spinels that have been 
experimentally synthesized (40; 41; 42) and have one common 
cation, generating 92 double spinel compositions. The list of normal 
and inverse spinel chemistries considered, along with their 
calculated total energies, are shown in Table S1. Keeping in mind the 
different chemistries of the normal, (A)B2O4, and inverse, (B’)AB’O4, 
spinels, and the two possible sites that the cations can occupy, there 

are three fundamental ways the cations can mix in the double spinel 
structure (assuming a fixed inverse single spinel type ordering on the 
octahedral sublattice based on Ref. (36)), which we define as: 

 DS-Inv1, with chemical formula (B’)ABO4 (inverse spinel)
 DS-Norm, with chemical formula (A)BB’O4 (normal spinel)
 DS-Inv2, with chemical formula (B)AB’O4  (inverse spinel)

These structural types are illustrated in Fig. 1. The difference 
between DS-Inv1 and DS-Inv2, both of which are inverse structures 
with a B cation on the tetrahedral sublattice, is which B cation from 
the two single spinels is on the tetrahedral sublattice. In DS-Inv1, it is 
the B’ cation from the inverse single spinel, as would be more 
intuitive. In DS-Inv2, it is the B cation from the normal spinel, 
indicating a change in the preferred sublattice for that cation. 
Ultimately, we tested each of the 92 double spinel compositions in 
each of the three cation structures to see if they can be formed and 
determine which of the three cation orderings is the most 
favourable.

    
a) b) c)

Fig. 1. Ball-and-sticks models of: a) DS-Inv1 [(B’)ABO4], b) DS-Norm 
[(A)BB’O4] and c) DS-Inv2 [(B)AB’O4] double spinels. The A, B and B’ 
cations are shown in orange, blue and green, respectively, while the 
O atoms are in red.

We performed DFT calculations using the Vienna Ab-initio 
Simulation Package (VASP) code (43; 44; 45; 46), with the generalized 
gradient approximation of Perdew, Burke and Ernzerhof (PBE) (47) 
for the exchange-correlation potential, and using the projector 
augmented wave (PAW) method (48; 49). We used a 520 eV cut-off 
energy for the plane wave basis set, 10-5 eV energy convergence 
criterion, and 5×5×4 k-point mesh for both the double and single 
spinels. All structures were fully relaxed by allowing the volume, cell 
shape and atomic positions to change during the process. Because of 
the strongly-correlated nature of the electrons in transition metal 
oxides, we used the DFT+U method, with Dudarev’s formulation (50): 
J = 0 eV and U = 5.3, 3.7, 3.9, 5.3, 3.32, and 6.2 eV for the systems 
containing V, Cr, Mn, Fe, Co, and Ni elements, respectively, taken 
from the Materials Project database (51). In the cases where 
magnetic elements are present, we considered the following 
possible magnetic orderings: ferromagnetic and antiferromagnetic in 
both high and low spin, as well as combinations of ferromagnetic and 
antiferromagnetic mixing between high and low spin states of the 
same cation and between different cations. For each of the double 
spinels we calculated their mixing energy, Emix, using the equation:

𝐸mix = 𝐸DS
tot ―

1
2

(𝐸NS
tot + 𝐸IS

tot)   (1)

where , , and  are the total energies per formula unit of 𝑬𝐃𝐒
𝐭𝐨𝐭 𝑬𝐍𝐒

𝐭𝐨𝐭 𝑬𝐈𝐒
𝐭𝐨𝐭

the double, normal and inverse spinel, respectively. For each of the 
single and double spinels in our study we also calculated the Bader 
charge using the Bader code developed by Henkelman’s group (52; 
53), using the total charge density. We also performed crystal orbital 
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Hamiltonian population (COHP) analysis for cation–oxygen and 
cation–cation interactions as first nearest neighbors of the cations, 
using the LOBSTER code (54; 55). Additionally, we calculated the 
integrated COHP (ICOHP) up to the Fermi level, which indicates the 
bonding strength between the atom pairs.

Results and Discussion

Mixing Enthalpies
In our study we selectively combine 49 normal and 22 inverse 

spinels with common A cations to form 92 potential double spinels 
with three different types or cation orderings, and for each of the 
double spinels we calculated Emix using Eq. (1). Note that Emix is 
calculated using the lowest calculated energy for each of the two 
single spinels that are forming the double spinel. We point this out 
because we reliably reproduce the experimental stability of the 
single spinels, in terms of whether they are inverse or normal, with 
the exception of four cases: 1 normal and 3 inverse spinels (see Table 
S1). The calculated Emix for the 92 double spinels in each of the three 
cation orderings (types) are summarized in Table S2. Comparing the 
different types, there are 48, 42 and 2 double spinels having DS-Inv1, 
DS-Norm and DS-Inv2 as the lowest energy ordering, respectively. 
Further, there are 49 stable double spinels, i.e., double spinels having 
Emix < 0 eV/formula unit, out of which 30 are DS-Inv1, 17 are DS-Norm 
and 2 are DS-Inv2. These 49 compounds represent 49 potentially new 
spinels that are yet to be synthesized and might offer new properties 
and functionality, resulting from their unique chemistries. One 
should keep in mind that the reported double spinels are 
thermodynamically stable, which is an important requirement for 
these compounds to be synthesizable. At finite temperature, the 
kinetics would have a major influence on the actual synthesis of 
these double spinels, potentially limiting which structures can be 
reached in reality, but that is something we cannot probe using our 
methodology.

We should point out that we also considered a limited number of 
cases where a reference single spinel might not be the most stable 
phase at that composition, namely ZnIn2O4, GeMg2O4, MgTi2O4 
normal and Zn2GeO4, Cd2GeO4, Cr2FeO4, Fe2MgO4 inverse spinels. 
That is, other crystal structures may be more stable than spinel for 
these compositions. We found that only two of these other phases 
are more stable than the respective single spinels, hexagonal 
Zn2GeO4 and Cd2GeO4, and we used their total energy to recalculate 
Emix (see Table S3). Interestingly, in the case of the Zn2GeO4, Emix of 
the double spinel is still < 0 eV/formula unit, even when the new 
phase is used as a reference, indicating that the hexagonal Zn2GeO4 
is stabilized in the spinel structure when forming a double spinel. A 
similar effect has been predicted in perovskites, where specific non-
perovskites can be stabilized in a double prevoskite structure (56). 
Note that we only consider stability relative to the starting end-
member single spinels, although they might not be the most stable 
phase for the given composition. This means that there is a possibility 
for the single spinels to decompose into more stable phases that can 
thus increase the double spinel mixing energies, eventually making 
the double spinels unstable.

There are several cases where a given double spinel can be formed 
from different combinations of reference single spinels. For example, 
(Co)AlFeO4 can be made by combining either (Fe)Al2O4 and 
(Co)FeCoO4 or (Co)Al2O4 and (Fe)CoFeO4. There are five DS-Inv1 
double spinels with Emix < 0 eV in the DS-Inv1 structure when one 
combination of single spinels is used as the reference. However, 

when a different reference is used, the lowest energy structure 
becomes DS-Norm with Emix > 0 eV, indicating that these double 
spinels should decompose to the latter reference single spinels. Note 
that the labeling of DS-Inv1 or DS-Norm thus depends on the 
reference single spinels, while the crystal structure is the same. To 
understand why these five double spinels are stable when one 
combination of single spinels is used, and not stable with another, 
we looked into the composition and relative stability of the reference 
single spinels. These five double spinels contain Co in tetrahedral 
positions, in a +2 oxidation state. We compare the relative stability 
of the single spinels, i.e., is their formation energy on the respective 
convex hull – see Table S4 with details on the relative stability of the 
single spinels. In the cases where we predict the DS-Inv1 double 
spinel to be stable, both single spinels are less stable than the 
respective spinels forming the unstable DS-Norm structure. That is, 
the predicted stability of the DS-Inv1 structure in these cases is a 
consequence of the relative instability of the reference single spinel 
structures. When the lowest energy reference compounds are used, 
these particular double spinels become unfavorable to form. To 
understand this difference in stability we focus on the oxidation state 
of Co in the single spinels. Unlike Fe and Ga that prefer +3 oxidation 
state, compounds containing Co2+ are more stable, one reason being 
the higher crystal field stabilization energy for Co2+. Both of the 
normal and inverse single spinels that form the DS-Norm have Co in 
the +2 oxidation state. On the other hand, in the Co2AO4 inverse 
spinel, the Co cations in the tetrahedral and octahedral sites have +2 
and +3 oxidation states, respectively, meaning Co is partially in the 
less favorable +3 oxidation state. This is the main reason why Co2AO4 
is relatively less stable, making the formation of DS-Inv1 favorable 
when those single spinels are used as the reference.

Cation Site Occupancies
The dataset of double spinels that we have is fairly large, and 

considering the wealth of chemistries that the 17 different cations 
considered can form, the relation between the stability of the double 
spinels and cation properties can be very complex. Thus, ideally, we 
would like to find a simple relation between the properties of the 
cations and the stability of the double spinels, focusing on the 
connection between the double spinel mixing energy Emix, the cation 
type and the different sites it can occupy, see Fig. 2. From Fig. 2 we 
notice that the distribution of Emix for the cations in DS-Inv1 and DS-
Norm is very similar, while most of the DS-Inv2 double spinels are 
unstable, i.e., Emix > 0 eV/formula unit. This is not unexpected 
because for a DS-Inv2 structure to form, the B cation from the 
normal, AB2O4, spinel is forced to go from an octahedral into a 
tetrahedral site, which is not the case for the DS-Inv1 and DS-Norm 
double spinels. Considering the small number of stable DS-Inv2 
double spinels, we focus our initial discussion on the DS-Inv1 and DS-
Norm double spinels. Interestingly, Fe, Co and Mn can be found in 
both tetrahedral and octahedral sites, forming double spinels with 
Emix distributed around the 0 eV (see Fig. 2). This is expected from the 
large number of both normal and inverse spinels that these cations 
can form, occupying both tetrahedral and octahedral site in the 
single spinels. There are also cations, such as Ga, Ge, Sn, V, Cr Ni, and 
Rh that form only one type of single spinel, normal or inverse, 
occupying only one type of site in the stable double spinels, 
tetrahedral or octahedral. As might be expected, when these cations 
are in the opposite site than the one in the single spinel, the Emix of 
the double spinels they form has a large positive value. We also note 
that looking at the lowest energy type (larger points in Fig. 2) there 
are several outliers, with Emix < -0.5 eV/formula unit and Emix > 0.5 
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eV/formula unit. The relation between their stability/instability with 
the composition and properties will be discussed later.

Fig. 2. Relation between the mixing energy (Emix) and the type of cation and site it occupies, for the double spinels with a) DS-Inv1, b) DS-
Norm and c) DS-Inv2 cation ordering. The tetrahedral and octahedral sites are shown with squares and circles, respectively. The chemistries 
corresponding to the lowest energy structural types are indicated by larger points

A clearer picture of the preferred cation site in the stable double 
spinels can be gained by looking at both the lowest energy spinels 
amongst the three types (the larger points in Fig. 2.) and at the stable 
double spinels (Emix < 0 eV/formula unit). Figure 3a shows the stable 
and unstable double spinels per cation site, the cation type and the 
most stable double spinel type. Cations such Mg, Cd, Zn, In, Sn, and 
Ge in tetrahedral site form double spinels where the cation on one 
of the two octahedral sites is of only one or two chemical species. 
Also, it is evident that V, Cr, Rh, Ni, Sn and Ge do not form stable 
spinels when they are located in tetrahedral site. Both of these 
observations come from the site these cations occupy in the 
reference single spinels, but does not give us any information 
regarding how many stable spinels are formed when a cation is 
located in specific site. Therefore, we plotted the total number and 
number of stable double spinels per cation, decomposed by the most 
stable double spinel type and cation site as a histogram, shown in 
Figure 3b. As mentioned previously, there are a large number of 
double spinels containing Fe and Co (>30), coming from the large 
number of single spinels containing these elements and the fact that 

these elements can occupy tetrahedral or octahedral site in both 
normal and inverse spinels. Similarly, Al, Ga, Mg, and Mn also form a 
relatively large number of double spinels (>20), again a consequence 
of the significant number of normal and inverse spinels these cations 
can form. Thus, the predominance of these elements in the double 
spinels is a reflection of their ubiquity in the single spinels. Looking 
at the ratio between the stable and total number of spinels (S/T ratio) 
in Fig. 3b, it is noticeable that the S/T ratio for most of the cations is 
around 0.5±⅓, with few exceptions. Sn and V have very few stable 
spinels (S/T < 0.4), while most of the spinels containing Ti, Ni and Rh 
are stable (S/T > 0.7). Note that the stability of the spinels is not only 
related to the double spinel energy, it also to the energy of the 
reference single spinels. Therefore, understanding the preference for 
forming a large or small number of stable double spinels is related to 
the double and single spinel chemistry, which is going to be discussed 
later when the relation between cation properties and Emix is 
discussed. Going forward, we are going to focus our discussion only 
on the stable double spinels.

a) b)
Fig. 3. a) Double spinel stability according to the cation type in tetrahedral (t) and both octahedral (o) sites. The composition of the first 
octahedral site (o1) is given on the y axis of the figure while that of the second site (o2) is given by the color. The stable and unstable spinels 
are shown with full and open points, respectively. Double spinel cation orderings of DS-Inv1, DS-Norm and DS-Inv1 are shown with squares, 
triangles and circles, respectively. The cation type is ordered according to the Pettifor scale (57). b) Histogram showing the total number (T) 
and number of stable (S) double spinels per cation, decomposed by the most stable double spinel type and cation site. The most stable DS-
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Inv1, DS-Norm and DS-Inv1 double spinels are shown in blue, yellow and red, respectively. Whether the cation resides on a tetrahedral (t) and 
octahedral (o) site in the double spinel structure is shown in lattice and striped pattern, respectively. The number on the top of the bars 
indicates the ratio between the number of stable and total number of double spinels per cation.

Focusing on the site that the different cations occupy in the stable 
double spinels, as highlighted in Fig. 3b, it is evident that most of the 
cations prefer a specific site – either tetrahedral or octahedral – 
except for Mn, Fe, and Co. This is not unexpected because these 
three cations can have multiple oxidation states, with different ionic 
radii and varying crystal field stabilization energies (CFSE), allowing 
them to accommodate both sites, depending on the other cations 
present. Consequently, these cations can be found in both 
tetrahedral and octahedral positions in both types of single spinels 
as well as in the double spinels. Additionally, V3+, Rh3+, Cr3+, Ti4+/Ti2+ 
and Ni2+ have a high CFSE and thus have a strong octahedral site 
preference. Cations with shallow valence d-states, such as Zn2+, Cd2+, 
In3+, and Ga3+, prefer the tetrahedral site. Mg2+, Al3+ and Ge4+ have 
octahedral site preference (OSP), a quantity indicating the 
preference for the ion to occupy the octahedral site, derived from 
the degree of inversion of single spinels and their experimentally 
measured formation enthalpies (58; 59). The only disagreement in 
our calculations with the OSP model is for the Cu2+ cation, for which 
the model predicts a moderate OSP but we find a preference for the 
tetrahedral site. One reason for this can be the presence of cations 
with higher OSP than Cu2+. However, although in the Cu2+ containing 
double spinels one octahedral site is occupied by Mn3+, Rh3+, Cr3+, 
and Al3+ cations, the other site is always occupied by Ga3+, Fe3+ and 
Co3+ cations, all of which have smaller predicted OSP than Cu2+. 
Hence, the almost-filled d-orbitals in Cu2+ possibly dominate in the 
bonding, forcing Cu2+ in the tetrahedral site. This suggests that a 
further analysis of single spinels containing Cu2+ and varying 
chemistries could be used to improve the experimental OSP models.

Additionally, there are five exceptions in which cations do not 
reside on the expected sites: one case each of Al3+, Mg2+ and Ti4+ on 
the tetrahedral site, and one case each of Zn2+ and Cu2+ on the 
octahedral site. To understand why these cations do not occupy their 
nominally preferred site, we looked into the composition of the 
associated double spinels, specifically the cations that compete for 
their preferred site. In the case of Al3+ and Mg2+, the double spinels 
are (Al)NiCrO4 and (Mg)RhFeO4, where both Al3+ and Mg2+ are 
competing with transition metal ions for the octahedral site, Ni2+/Cr3+ 
and Fe3+/Rh3+, respectively. Because of CFSE, the transition metals 
have higher OSP compared to Al3+ and Mg2+, and thus preferably 
occupy the octahedral site. In the double spinels (Ga)CuAlO4 and 
(In)SnZnO4, Cu2+ and Zn2+ are competing with Ga3+ and In3+ for the 
tetrahedral site, respectively, and ultimately the larger ions with 
higher charge have a stronger preference for the tetrahedral site. In 
the (Ti)FeMgO4 spinel Ti is in a +4 oxidation state, and hence its OSP 
due to CFSE is 0, while Fe2+ has a preference for octahedral site and 
its CFSE is 0.133 eV. Although Reznitskii (60) predicts higher OSP for 
Ti4+ than Mg2+, our results show that the cation with higher charge, 
Ti4+, would preferably occupy the tetrahedral site.

Interestingly, two of the exceptional cases, (In)SnZnO4 and 
(Ti)FeMgO4, are the only two cases in which the double spinel adopts 
the DS-Inv2 type cation ordering, indicating that one of the driving 
forces for forming such a structure is allowing one of the cations to 
reside in its preferred site when it was forced to adopt the less 
preferred site in the single spinel, e.g. Mg in tetrahedral site in 
(Ti)FeMgO4, and In in octahedral site (In)SnZnO4. Note that, in 
addition to the factors discussed in the preceding paragraphs, other 
factors also contribute to the stability of the double spinels, such as 
the relative stability of the reference single spinel, which are 
discussed below in Sec 3.3 for the (Ti)FeMgO4 case.

Previously we showed that with exception of Mn, Fe and Co, all 
other cations have a preferred site, tetrahedral or octahedral. Here, 
we aim to understand whether there is any relation between the 
stability of the double spinels and cation-specific properties; 
specifically, we consider Bader charge (qbader), magnetic moment (μ), 
and cation–oxygen distance (dM-O). In particular, we are interested in 
the change in these properties between the double spinel and the 
associated reference single spinels (Δqbader, Δμ and ΔdM-O), providing 
information on what might be the driving force behind the formation 
of stable double spinels. Figure 4 shows the distribution of Δqbader, Δμ 
and ΔdM-O as violin plots, depending on the cation site, both for all 
double spinel structures considered (left of each plot) and only for 
the stable double spinels (ΔEmix < 0 eV/formula unit; right of each 
plot). Note that for clarity we show the distribution of Δqbader, Δμ and 
ΔdM-O for four cations, while the violin plots for every cation are 
shown in Fig. S1. For Δqbader and Δμ we chose only transition metals 
to highlight the relation between the oxidation state (Δqbader) and 
magnetic moment (Δμ), while, for the purpose of higher diversity of 
chemistry, for ΔdM-O we chose two main group cations and two 
transition metals. Interestingly, ΔdM-O in the stable double spinels has 
a narrower distribution around 0 Å compared to the total number of 
double spinels, shown by the box-plots in Fig. 4. This indicates that in 
stable compounds the cations prefer having the same distance to the 
oxygen atoms in the double spinel structures as they have in the 
single spinels, minimizing strain. Δqbader and Δμ exhibit similar 
behavior to each other, a consequence of their common relation to 
the cation oxidation state. Co is the only exception, which can be 
seen switching between high and low spin states without 
correspondingly large changes in Δqbader. Because of the magnetic 
behavior of Co, and the relation between Δqbader and Δμ, we do not 
show the box plots for Δμ. Similarly to ΔdM-O, Δqbader has a somewhat 
narrower distribution for the stable double spinels than the total 
number of spinels (compare box plots in Fig. 4), but this distribution 
is broader than that of ΔdM-O. The broader distribution of Δqbader 
comes from a few outliers, where Δqbader < -0.5 e or  Δqbader > 0.5 e, 
indicating that there are a few cases where the cation oxidation state 
present in the single spinel changes when the double spinel is 
formed.

Fig. 4. Violin plots showing the distribution of changes in the Bader 
charge (Δqbader, top), magnetic moment (Δμ, middle), and cation–
oxygen distance (ΔdM-O, bottom) in the double spinel (DS) and the 
reference single spinels (SS) for four different cations. The cation site 
(tetrahedral and octahedral) is indicated in blue and yellow, 
respectively. The distribution for each property in all spinel 
structures considered vs only in the stable double spinels is shown in 
the left and right part of each violin plot, respectively. The box-plots 
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for the total number and stable double spinels are shown in orange 
and purple, respectively.

Understanding Stability
Let us now return to the outliers in Fig. 2. There are 4 double 

spinels with Emix < -0.5 eV/formula unit, containing 8 different 
cations, and 6 double spinels with Emix > 0.5 eV/formula unit, 
containing 9 different cations. These 10 double spinels are listed in 
Table 1, together with their reference single spinels, Emix and the 
lowest energy double spinel type. Initially, we will focus on the stable 
double spinels, specifically (Ti)CoMnO4, (Ti)MgFeO4, and 
(Zn)MnSnO4. In each of these double spinels, Ti and Sn are in their 
most stable +4 oxidation state, as compared to the +3 and +2/+4 
oxidation states they exhibit in the single spinels, respectively. The 
other cations either have a strictly +2 oxidation state (Mg and Zn), or 
can easily form spinels with both +2 and +3 oxidation states: Fe, Mn 
and Co. Hence, the biggest driving force for stability of these double 
spinels is the formation of the favorable +4 oxidation state of the Ti 
and Sn cations, from their frustrated +3 and +2 oxidation states in 
the single spinels. (In)MgTiO4 is slightly different, in the sense that 
none of the cations changes oxidation state from the reference single 
spinels when forming the double spinel. Thus, the stability of this 
double spinel can come from either the relatively unstable reference 
single spinels or the favorable chemistry in the double spinel. 
Interestingly, each cation in this double spinel is in its preferred site, 
i.e., In in the tetrahedral and Ti/Mg in the octahedral site (see Fig. 3). 
On the other hand, in both single spinel references, one cation is in 
the less preferred site, Mg in the tetrahedral site in the normal spinel, 
and In in the octahedral site in the inverse spinel. This means that 
any frustration in the structure because of the occupation of a non-
preferred site is completely removed when the double spinel is 
formed, which can explain the significant driving force to form the 
(In)MgTiO4 double spinel.

Table 1. List of double spinels with Emix < -0.5 ev/formula unit or Emix 
> 0.5 ev/formula unit (outliers in Fig. 2), with the reference single 
spinels, and the Emix of the most stable type.

Normal 
spinel

Inverse 
spinel

Double 
spinel Type Emix 

(eV/fu)
Spinel 
group

MgTi2O4 In2MgO4 (In)MgTiO4 DS-Inv1 -2.5479 2-3 Inverse
MnTi2O4 Co2MnO4 (Mn)TiCoO4 DS-Norm -1.4981 2-4 Inverse
MgTi2O4 Fe2MgO4 (Ti)MgFeO4 DS-Inv2 -1.1102 2-4 Normal
ZnMn2O4 Sn2ZnO4 (Zn)MnSnO4 DS-Norm -0.9257 2-4 Inverse
ZnFe2O4 Sn2ZnO4 (Zn)FeSnO4 DS-Norm -0.7303 2-4 Inverse
ZnGa2O4 Sn2ZnO4 (Sn)GaZnO4 DS-Inv1 0.6737 2-3 Inverse
ZnAl2O4 Sn2ZnO4 (Sn)AlZnO4 DS-Inv1 0.8791 2-3 Inverse
CdV2O4 Al2CdO4 (Cd)AlVO4 DS-Norm 0.9003 2-3 Normal
FeV2O4 Ge2FeO4 (Ge)FeVO4 DS-Inv1 0.9904 2-3 Inverse
FeCr2O4 Ge2FeO4 (Ge)FeCrO4 DS-Inv1 1.3604 2-3 Inverse
FeAl2O4 Ge2FeO4 (Fe)AlGeO4 DS-Norm 1.7070 2-3 Normal

We now consider the unstable spinels. In the case of the Ge-
containing unstable spinels, it is evident that Ge comes from Ge2FeO4 
inverse spinel, where Ge is in both +2 and +4 oxidation states, and Fe 
is in +2 oxidation state. However, unlike the inverse single spinel, the 
third cation in the Ge double spinels is in +3 oxidation state, forcing 
the formation of Fe3+, leaving all of the Ge to take on the unfavorable 
+2 oxidation state. Similarly, in the Sn containing unstable double 
spinels, Sn is forced into a highly unfavorable +3 oxidation state by 
the +3 oxidation state of the third cation. This can explain why these 
Ge and Sn containing double spinels are very unstable. The (Cd)AlVO4 
double spinel is slightly different because the cations are in their 
favorable oxidation states, +2, +3 and +3 for Cd, Al and V, 

respectively, and they are all in their preferred site: Cd in the 
tetrahedral and Al/V in the octahedral site. Thus, to understand 
where the instability for this compound comes from, we need to look 
into the relative stability of the reference single spinels, as well as the 
change in cation properties when forming the double spinel. We 
compared cation-specific properties, such as Bader charge, magnetic 
moment, cation–oxygen distance, ionic radius and ICOHP, in the 
double spinel and the reference single spinels. The only noticeable 
difference is in the ICHOP, where the most significant change is in the 
Al–O and V–O bonding strength, with the ICOHP difference between 
the double and single spinel being -0.56 and 1.20 per formula unit, 
respectively. Although the Al–O bond strength is increased in the 
double spinel, the V–O bond strength is decreased to an even greater 
extent, destabilizing the structure, increasing its energy, and thus 
making (Cd)AlVO4 less stable. The decrease in V–O bond strength in 
the double spinel might be related to the high stability of the 
(Cd)V2O4 single spinel used to make the double spinel. Notably, it 
seems that all (M)V2O4 normal spinels are very stable, giving rise to a 
small amount of V containing double spinels, having a 0.364 S/T ratio.

We just showed that, in both the most stable (Emix < -0.5 eV) and 
the most unstable (Emix > 0.5 eV) double spinels, the oxidation state 
of the cations tends to become more favorable or less favorable, 
respectively. Interestingly, this change in oxidation state in the stable 
double spinels is reflected in the few outliers in Δqbader, as previously 
discussed (Fig. 4 and Fig. S1). However, the change in oxidation state 
cannot explain the stability for most of the stable double spinels, 
which entails a further analysis of the change in cation-specific 
properties between the double spinels and reference single spinels. 
Because both the Bader charge and magnetic moment are related to 
the cation oxidation state, we focus only on the dM–O distance, the 
cationic radius (ri), and the band gap (Eg) in our analysis. We 
emphasize the difference in the properties between the double 
spinel and reference single spinels, as a function of Emix, as well as the 
difference in the properties between DS-Inv1 and DS-Norm double 
spinels, the most common structures found in our set. Furthermore, 
following the notation used for single spinels, we divided the studied 
double spinels into two groups: 2-3 and 4-2 spinels, with normal and 
inverse ordering, depending on the oxidation state of the cations in 
the octahedral site. For example, if both cations in the octahedral site 
are in +3 oxidation state, then that spinel is 2-3 normal, while if both 
cations are in +2 oxidation state, then the spinel is 4-2 normal. Shown 
in Fig. S2 is the number of double spinels with DS-Inv1 and DS-Norm 
ordering, divided into the 4 spinel groups (2-3 and 4-2 spinels, each 
having normal and inverse ordering), separately considering the total 
number and number of stable double spinels.

Page 6 of 12Journal of Materials Chemistry A



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Fig. 5. (top) Relation between the ratio of the tetrahedral (rt)/average 
octahedral (<ro>) ionic radii and the ratio of the cation radii of the 
two octahedral sites in: a) DS-Inv1 and b) DS-Norm double spinels. 
Filled and open points show stable and unstable double spinels, 
respectively. (bottom) Difference between the band gap (Eg) in 
double spinels (Double) and the average band gap of the reference 
single spinels (<Single>) as a function of the mixing energy (Emix) in: 
c) DS-Inv1 aDS-2nd d) DS-Norm double spinels. The 2-3 normal, 2-3 
inverse and 4-2 inverse spinel groups are shown with squares, circles 
and triangles, respectively.

In the case of dM–O, we do not find any clear relation between the 
difference in dM–O in the double spinels and reference single spinels 
as a function of Emix (Fig. S3a and b). Comparing dM–O between the 
two different double spinel types, we do see that there is a clear 
separation between dM–O in the tetrahedral and octahedral site (Fig. 
S3c), but this is expected because of the different coordination at the 
sites. In the case of ri, we looked at the relationship between Emix and 
both the difference (Fig. S4a and b) and ratio (Fig. 5a and b) between 
ri of the tetrahedral and octahedral site, as well as their absolute 
values. We find a clustering of stable and unstable DS-Inv1 and DS-
Norm double spinels, respectively, in the top center of the ri ratio 
plots (Figs. 5a and b). However, there is no clear separation of the 
stable and unstable double spinels of different types depending on 
the ri ratios. We also looked at the difference in Eg between the 
double spinels and reference single spinels (Eg(Double-<Single>)) as 
a function of Emix for the different double spinel types and spinel 
groups. A rough linear trend between Eg(Double-<Single>) and Emix 
can be observed (Fig. 5c and d), with a negative slope, meaning that 
with decreasing Emix the double spinel band gap with respect to the 
single spinel is increasing. This relation is not unexpected, coming 
from the general rule that an increasing bandgap would stabilize a 
compound; however the relation is poor as indicated by the largely 
scattered points. Also, we checked if an increasing charge on the 
oxygen atom, consequently decreasing the charge on the cations and 
increasing the bond strength (following a simple Coulombic 
attraction), has any influence on the stability of the double spinels, 
but this did not give any meaningful correlation. Additionally, we 
applied methods used for separating single spinels into different 
groups based on the anionic parameter u, namely the methods 
suggested by Sickafus et. al. (61), Yokoyama et. al. (62) and 
Stevanović et. al. (42), shown Fig. S5. Unfortunately, none of these 
methods could successfully separate the double spinel types into 
their respective types or spinel group.

Classifying Double Spinels with Machine Learning
Clearly, our analysis shows that there is no single elemental 

property of either the cations within the spinels or the spinels 
themselves that provide any predictive capability to classify the 
double spinels into their respective structural types. Thus, we focus 
on understanding physical factors that dictate whether a double 
spinel chemistry formed by combining two single spinels is likely to 
adopt a DS-Inv1 or DS-Norm double spinel configuration. We start by 
exploring simple correlations between various elementary features 
of the different elements forming the double spinels with the DFT 
calculated absolute and relative stabilities of DS-Inv1 or DS-Norm 
double spinels. Our exploratory analysis provided strong indications 
that local-coordination-environment-dependent relative size effects 
of different cations going from single to double spinels play an 
important role in the stabilization of either DS-Inv1 or DS-Norm 
double spinels. To illustrate a concrete example, in Fig. 6(a) we plot 
the absolute difference of Shannon’s ionic radii for tetrahedrally-

coordinated A and B’ cations in a given double spinel against the DFT-
calculated DS-Inv1 double spinel mixing enthalpies (Emix) over the 
entire double spinel dataset. The rationale behind choosing the 
specific cation radii stems from the fact that while A cations occupy 
the tetrahedral sites in a normal spinel, in a DS-Inv1 double spinel all 
of the IV-fold coordinated sites are occupied by the B’ cations. 
Therefore, if Shannon’s ionic radii for the A and B’ cations differ 
significantly, one would expect that the resulting double spinel 
chemistry would be destabilized due to unfavorable local strain 
effects. Indeed, from Fig. 6(a) it can be seen that most stable DS-Inv1 
double spinels exhibit a relatively small value of |R(AT)-R(B’T)|, 
whereas for the unstable DS-Inv1 double spinel chemistries (i.e., Emix 
> 0),  a rough linear trend of Emix with the |R(AT)-R(B’T)| is seen. 
Although such qualitative notions indicate the importance of the 
local strain effects at the tetrahedral sublattice in the stabilization of 
a particular double spinel, the observed rough correlations further 
point to the possibility that effects related to local strain on the 
octahedral sublattice and/or factors other than the local strain 
effects might also be important.

Fig. 6. (a) Variation of the absolute difference of Shannon’s ionic radii 
for tetrahedrally-coordinated double spinel A and B’ cations with the 
DS-Inv1 double spinel mixing enthalpies (Emix). The red and blue 
circles show chemistries with negative and positive Emix, respectively, 
and the size of the symbols indicates the magnitude of Emix. (b) 
Schematic representation of iterative feature set accumulation via 
combining a set of primary features in 0 with the selected set of 
unary and binary operators shown on the top. This large feature 
space was subsequently used to identify the best 2D descriptor 
separating chemistries with the DS-Inv1 and DS-Norm structures as 
their ground states via application of the SISSO approach (see text 
for details).

To systematically explore these factors and to identify a simple 
and physically-intuitive descriptor for classifying the double spinels, 
we employ the SISSO approach (38; 39) based on the compressed 
sensing technique. This approach allows for efficient exploration of 
vast descriptor spaces (with the number of unique descriptors 
typically reaching up to several billions) and has recently been 
applied to a number of materials design and discovery problems (63; 
64; 65; 66). To generate a classification model for predicting the 
relative stability of a double spinel chemistry in the DS-Inv1 versus 
DS-Norm structure, we start with a set of six Shannon ionic radii and 
one categorical variable defined for the DS-Norm double spinels 
(referred to as the spinel classification label SCL) as primary 
descriptors. We consider both the tetrahedral- and octahedral-
coordinated ionic radii for each of the three cations, namely, R(At), 
R(Bt), R(B’t) and R(Ao), R(Bo), R(B’o). SCL not only labels the 2-3 and 
4-2 type of cation charge states for the double spinels but also 
distinguishes weather the cations on the octahedral sublattice 
exhibit a uniform nominal oxidation state or not. More specifically, 
SCL adopts negative and positive integer values for the DS-Norm 
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double spinels with 2-3 and 4-2 type of cation oxidation states, 
respectively, and we use |SCL| = 1 or 2 depending on weather the 
cations on the octahedral sublattice show a one or two different 
oxidation states. We note that the specific choice of the categorical 
label was based on past studies on 2-3 and 4-2 group single spinels 
where the two classes are known to show qualitatively different 
trends in local electrostatic interactions (40). Moreover, past 
classification models targeted towards separating normal and 
inverse spinels have benefited from incorporation of a categorical 
variable that explicitly distinguish the 2-3 and 4-2 type of cation 
oxidation states for single spinels (42).

Starting with the primary features (feature space 0 in Fig. 6(b)), 
the SISSO method enumerates a large set of features by iteratively 
applying a set of prespecified algebraic operations on the current 
feature space. This iterative procedure leads to a truly vast set of 
descriptors of increasing complexity via combinatorial explosion. As 
illustrated in Fig. 6(b), combining the seven primary features outlined 
above with three unary operators (-1, 2, ) and five binary operators 
(+, –, *, / and |-|) leads to 142, 23,576 and 923,755,711 descriptors 
in the first, second and third generations, giving rise to nearly a billion 
total descriptors in the combined feature space 0123. We 
also note here that, to focus on physically relevant descriptors, the 
SISSO approach explicitly accounts for the feature units and only 
features with the same units are combined using the binary 
operators.  As a next step, to identify the best set of descriptors for 
the classification problem at hand, the SISSO method employs the 
sure-independence screening (SIS) method and the sparse solution 
algorithm using sparsifying operators (SO) in synergy. Starting with 
the accumulated set of feature space, the SIS method selects a 
subspace of features with the best classification performance 
quantified via targeting for an overlap region with the least number 
of samples and a minimum area. The SO step then evaluates all 
possible combinations of features from the SIS subspace, yielding the 
optimal solution. In the present case, a SIS subspace of 1000 was 
consistently used for identifying the optimal 1D descriptor and the 
2D descriptor pair, henceforth referred to as (D1, D2). Further details 
of the SISSO method can be found in Refs. (38; 39).

The classification achieved with the best descriptor pair identified 
via the SISSO approach is presented in Fig. 7(a). The inset depicts a 
magnified view of a very small overlap region formed by the convex 
hulls for the two double spinel types, namely DS-Inv1 and DS-Norm, 
identified with the blue and red markers, respectively. Further, the 
area of the circular makers in the figure represents the absolute 
value of the relative mixing enthalpies between the two double 
spinel types (i.e., |∆Emix| = | Emix (DS-Inv1) – Emix (DS-Norm) |) and 
therefore provides a graphical depiction of their relative stabilities. 
While the identified optimal 2D descriptor does not lead to a perfect 
classification, it can be seen from the inset in Fig. 7(a) that all of the 
double spinels falling within the overlap region consistently exhibit a 
much lower value of |∆Emix| -- that is, they are on the cusp of stability 
between the two structural types.

Fig. 7. (a) Performance of the SISSO-identified best 2D descriptor (D1, 
D2) in classifying the DS-Inv1 and DS-Norm double spinel 
configurations. The red and blue circles show chemistries with DS-
Norm and DS-Inv1 ground states, respectively, and the size of the 
symbols indicates the magnitude of the relative difference between 
the energetics of the two structures for a given chemistry. The inset 
shown an enlarged view of the overlap region formed by the two 
convex hulls encompassing the DS-Inv1 and DS-Norm stability regions 
in the structure map. (b) and (c) show the role of a specific term in 
descriptors D1 and D2, respectively. (d) Classification performance 
obtained by using just the first descriptor D1 of the optimal 2D 
descriptor. The plotting scheme in (d) is same as that of (a).

To gain deeper insight into the classification performance, next we 
take a closer look at the various component terms constituting the 
identified descriptor pair (D1, D2), where, 

𝐷1 = |R(Bt)
R(Ao) ―

1
SCL| ∗  [(R(Ao) ― R(B′o)) ∗ |R(At) ― R(B′o)|]  (2)

𝐷2 =  
𝑅(A𝑜) + 𝑅(A𝑡)

SCL ― [SCL ∗ R(B′o) +  |R(At) ― R(B′o)|]  (3)

The second terms, identified in square brackets in Eqs. 2 and 3, for 
both descriptors D1 and D2 can be visually recognized to be largely 
dominated by size effects—the original premise that motivated the 
descriptor analysis. It is also interesting to note that these terms 
share a common expression , which essentially |R(At) ― R(B′o)|
captures relative local strain effects caused by forming a double 
spinel by combining two single spinels, one normal and another 
inverse. More precisely, note that going from normal (A)B2O4 and 
inverse (B’)AB’O4 single spinels to a DS-Inv1 (inverse) double spinel 
(B’)ABO4 both the A (fully) and B’ (partially) cations swap their 
coordination environments and therefore it is intuitively expected 
that the relative trends in their coordination-dependent ionic radii 
across the chemistry would contribute towards their energetic 
stabilization in a particular double spinel structure. A similar, or 
perhaps stronger, argument can also be made for cations in a single 
inverse spinel (B’)AB’O4 that participate to form a DS-Norm (normal) 
double spinel (A)BB’O4. While the second terms in each of the two 
expressions can straightforwardly be traced to the local strain 
effects, the role of the first terms is a bit more difficult to 
comprehend by a visual inspection alone. Plotting each of these two 
terms in Figs. 7(b, c), however, readily reveals that both terms 
essentially play an identical role in the construction of the two 
descriptors, viz., separating the double spinel chemistries based on 
their cation electrostatics, i.e., spinels formed by 2-3 versus 4-2 
cation oxidation states. Naturally, the categorical feature SCL plays a 
dominant role in these terms. Subsequently, via combining the first 
electrostatics-dominated term with the second local strain-
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dominated term, for instance in D1 as shown in Fig. 7(d), enables us 
to classify DS-Inv1 versus DS-Norm double spinels, albeit with a 
relatively larger overlap region which shrinks dramatically going to a 
2D descriptor [cf. Fig. 7(a)].

Summary of Primary Results and Implications
Our DFT calculations have shown that, by mixing various single 

spinel calculations, a number of new thermodynamically stable 
compounds that we have termed double spinels exist. Our primary 
results include:

 49 stable double spinels are predicted to have a thermodynamic 
tendency to form from normal (A)[B2]O4 and inverse (B’)[AB’]O4 
spinels that have one common cation, primarily having one of  
two cation orderings: (B’)[AB]O4 and (A)[BB’]O4.

 Identifying the possibility of stabilizing non-spinel structures in 
a double spinel configuration, for cases where the non-spinel 
structure has lower energy compared to the single spinel with 
same composition.

 Of the three cations comprising the double spinels, each 
typically occupies a specific site, octahedral or tetrahedral, 
which might be different from that occupied in the reference 
single spinels. The only exceptions are Mn, Fe and Co that can 
occupy either of the two sites.

 Using only cation specific properties, we used machine learning 
to successfully classify the double spinels via their cation 
orderings, showing that interplay of both strain and 
electrostatics drives the difference between the cation 
orderings and whether the double spinel is inverse or normal in 
nature.

The discovery and identification of these novel compounds provide 
a unique opportunity for designing materials with new 
functionalities. Similar to the promise offered by double perovskites, 
the predicted existence of double spinels grants an additional set of 
chemistries for this versatile crystal structure that could present new 
properties for a range of applications. Specifically, the inclusion of 
three cations, and their associated variety, into an ordered spinel 
structure greatly expands the spinel design space, increasing the 
potential applications of these compounds: for thermoelectric 
applications where the lattice thermal conductivity can be reduced 
because of cations with different mass; as cathode materials in high-
voltage batteries by utilizing the transport of +2 and +3 cations; for 
optical applications where the variable composition aids in tailoring 
the band gaps of the double spinels to specific needs; for spin 
filtering applications where half-metallic properties are needed; of 
multiferroic properties that can be generated from the multiple 
magnetic elements in the double spinels.

Conclusions
Using high-throughput first-principles calculations, we screened 
a list of 92 double spinel chemistries with three different cation 
orderings for their stability with respect to reference normal 
(A)B2O4 and inverse (B’)AB’O4 spinels. We found 49 stable 
double spinels, primarily having (B’)ABO4 (DS-Inv1) and (A)BB’O4 
(DS-Norm) ordering of the cations. Looking at the site that 
different cations occupy in the stable spinels, we find a clear 
preference for the tetrahedral or octahedral site depending on 
the nature of the cation, with Fe, Mn and Co being the only 
exceptions. We argue that the different behavior of Fe, Mn and 

Co comes from their varying oxidation states in the double 
spinels, and the octahedral site stabilization energy related to 
the different oxidation states. We show that the differences in 
Bader charge and cation–oxygen distance between the double 
spinels and their reference single spinels is smaller in the stable 
spinels compared to the whole list of potential double spinel 
compounds. Still, we show that the most stable double spinels, 
with Emix < -0.5 eV/formula unit, are stabilized by a change in 
oxidation state of one of the cations. However, we were not 
able to find any meaningful relation between Emix and cation-
specific properties, nor with the difference in properties 
between the double spinel with different cation orderings. 
Additionally, we show that strain on the tetrahedral site 
influences the stability of the double spinels. Finally, we were 
able to successfully classify the double spinel chemistries into 
different double spinel structures using complex descriptors 
produced by SISSO. A careful examination of the form of the 
two descriptors showed that the ability of these two descriptors 
to classify the double spinel compounds between the different 
double spinel cation structural types comes from both strain 
and electrostatic dominated terms.
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