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Complex oxides exhibit great functionality due to their varied chemistry and structures. They are quite
flexible in terms of the ordering of cations, which can also impact their functional properties to a large
extent. Thus, the propensity for a complex oxide to disorder is a key factor in optimizing and discovering
new materials. Here, we show that the propensity to disorder cations in perovskites, pyrochlores, and
spinels correlates with the energy to “invert” the structure — to directly swap the cations across the sub-
lattices. This relatively simple metric, involving only two energetic calculations per compound, qualita-
tively captures disordering trends amongst compounds across these three families of materials and is
quantitative in several cases. This provides a fast and robust metric to determine those complex oxides
that are easy or hard to disorder, providing new avenues for quick screening of compounds for cation-
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1 Introduction

Chemical disorder in complex oxides, taking the form of cation
antisites in the dilute limit, is one of the material parameters
that is critical for understanding performance. For example, the
ability of a complex oxide to accommodate disorder has been
linked to its amorphization resistance.'™ Further, many func-
tional properties of complex oxides, including conductivity,*”
mechanical properties,® energy density,” and magnetic
properties,’® are sensitive to the level of cation disorder in
the material. Thus, it is of general interest to understand which
oxides will readily disorder and which will not.
Computationally, one can estimate the energetic cost of
disordering a material by using approaches such as special
quasirandom structures (SQS)"" or small set of ordered struc-
tures (SSOS),'> which mimic the correlations of a random
distribution of atoms in relatively compact simulation cells
that can be easily handled in a computationally efficiently
manner using density functional theory (DFT) based methods.
These approaches have proven quite powerful in aiding the
community in understanding how complex materials might
disorder, with applications to spinels,"*'* pyrochlores,'
perovskites,'® and other complex oxides.'”° However, despite
this success, it would still be beneficial to have an even simpler
metric for screening materials that might disorder more or less
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easily, a metric that is even more computationally efficient to
determine.

In our previous work,?® we showed that, for inter-lanthanide
perovskites where both cations are lanthanides, there is a clear
relationship between the energy to disorder the material and
the energy to invert it - to swap the A and B cations. This leads
to a broader hypothesis that this relationship might hold for
other compounds and crystal structures. The basic idea is that
compounds which exhibit energetic degeneracy in cation order-
ings will be thus more easily disordered as they have little
preference for the specific arrangement of cations within their
structure. In this work, we expand on this hypothesis. We
demonstrate that the concept of inversion, normally used in
the context of spinels, can be used as a metric for determining
the disordering tendencies of a given complex oxide. That is, the
propensity of an oxide to disorder is directly correlated with the
energy to invert the chemistry, to swap the cations in the ordered
structure. While there are exceptions to this correlation, we find it
holds broadly across a range of chemistries and crystal structures.
This insight should provide new avenues for discovering oxides
that can or cannot be easily disordered.

2. Methodology

DFT calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) code,?’”** with the Perdew, Burke
and Ernzerhof (PBE)*® exchange correlation functional, and the
projector augmented wave (PAW) method.”®” For the lantha-
nides (Ln) we used the PAW potentials from the VASP distribu-
tion with formal valence of 3, that is “Ln_3"" pseudopotentials
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for all lanthanides except lanthanum, for which we used the
“La” pseudopotential. We used a 520 eV cut-off energy for the
plane wave basis set, and 107° eV energy and 1072 eV A™* force
convergence criteria, respectively. A I'-centered k-point spacing
of < 0.025 A~ was applied for sampling the Brillouin zone for
each structure. The systems were considered to be spin-
polarized (ISPIN = 2), with ferromagnetic ordering of the
cations - all cation spins were set to up at the beginning of all
calculations. During the structural relaxation, the atomic posi-
tions, cell shape and volume were allowed to change. Note that
to make the relaxation process more efficient, we used the
memory conserving symmetrization of the chanrge density as
implemented in VASP, by setting the tag ISYM = 2. Our tests
showed that removing the symmetry (ISYM = 0) gives negligible
change in the total energy of the systems (< 0.001 eV per atom).

3. Models

We examine the relationship between disordering and inver-
sion in three crystal structures - perovskite, pyrochlore, and
spinel, illustrated in Fig. 1 — with the associated space groups
Pm3m, Fd3m, and Fd3m, respectively. In the case of perovskites,
we build upon our prior work,*® focused on inter-lanthanide
perovskites that are orthorombic, with a Pnma space group. The
coordination environment of the cations in these structures is
very different. In the ABO; perovskite, the A site is 8-fold
cordinated while the B site is 6-fold coordinated. (For clarity,
here and in what follows, we use A to represent site A while A
without a tilde represents the cation A.) In A,B,0-, the A sites
are 8-fold coordinated and the B are 6-fold. Finally, in spinel, A
is tetrahedrally coordinated and B is octahedrally coordinated.
However, spinels can accommodate a natural level of so-called
inversion, in which B cations occupy the tetrahedrally coordi-
nated A site. The extent to which this occurs is called inversion
and can vary from i = 0-1, where a value of 1 represents all of
the A sites being occupibed by B cations. In principle, while not
typically called inversion, similar behavior can occur in other

perovskite
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oxides. In pyrochlore, the A and B cations can swap sites,
leading to cation disorder. In this work, we will generically call
the swapping of cations inversion, in analogy with the spinels.

Another distinguishing feature of these oxides is the fact
that they are not all fully dense relative to a parent structure.”®
In particular, as the two cations in pyrochlore are aliovalent,
these compounds are oxygen deficient relative to the parent
BO, fluorite structure, and thus there are structural vacancies
on the oxygen sublattice. Similarly, spinels are cation deficient
relative to the parent AO rocksalt structure and there are cation
vacancies in the structure. This will become important later.

The working hypothesis of this study is that the propensity
for disorder is related to the degeneracy of various ordered
structures that might be possible for the given compound. That
is, if there are multiple ways of ordering the cations in the
compound and those are all of similar energy, the compound
has no great preference for how the cations are arranged and
thus disordering might be relatively favorable. In contrast, if
there is a strongly preferred ordering, then alternative cation
arrangements, including those in which the cations are dis-
ordered, would be energetically costly. Thus, by comparing the
relative energetics of different orderings, we can assess the
propensity for disorder.

To that end, we compare the two extreme cases of cation
ordering - the groundstate thermodynamically preferred
ordered structure and the fully ‘inverse’ structure in which
A and B cations are swapped. In the perovskite and pyrochlore
structures, this procedure simply means that all A and B cation
positions are swapped. In spinel, because the stoichiometry is
not 1:1, this is a bit more complicted. In the inverse structure,
all A sites are filled by B cations, and half of the B sites are filled
with A cations. The specific ordering we choose for the A and B
cations on the B site correspond to the ground state inverse
structure we have used previously and which is illustrated in
Fig. 1. Further, in some spinels, the inverse structure is actually
the ground state and thus the normal structures is, in the
context of the current work, the inverted structure. In all cases,

when we refer to the energy of inversion AE™*°" we mean

A2 207
pyrochlore

Fig. 1 The crystal structures of the complex oxides considered in this work. The colors of the polyhedra represent the different sites for cation
occupancy. Oxygen ions, sitting at the corners of the polyhedra, are not shown.
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full disorder
Fig. 2 Illustrated for the example of pyrochlore, the basic concept behind
this work is that the energy of the disordered state, represented here by
the structure (AB)4Oy, is an average of the two extreme states of ordering,

the groundstate ‘normal’ A;B,O; and the inverse B,A;O; in which the
A and B cations are simply swapped.

starting with the groundstate — whether it is normal or inverse
in the conventional sense - and inverting it.

Finally, to compare inversion to disordering, we need to
describe the disordered state. We use the SQS approach to
mimic the random correlations of the random solid solution in
a computational tractable supercell. SQSs for the three crystal
structures were generated using the mesqs tool,>® part of the
ATAT distribution, and contain 160, 176, and 224 atoms for
perovskites, pyrochlore, and spinels, respectively. In the case of
spinel, we constructed a second set of SQSs by changing the run
time of the mcsqs script. The results from that set are in good
agreement with the first and so are not discussed further.
We will refer to the energy of the SQS structure relative to the
groundstate ordered structures as AE™"°™, A full list of all
compounds considered and reported here is given in Table 1.

Our final procedure and concept are schematically illu-
strated in Fig. 2 for the case of pyrochlore. We simply compare
the difference in energy between the ‘inverse’ and ‘normal’
structures with that of the fully random structure to determine
if there is a correlation between the two energies.

4. Results and discussion

Fig. 3 shows the relationship between the energy to disorder a
compound compared to the energy to invert the compound, as
a function of crystal structure. The perovskite structured com-
pounds all fall on or near a line described by Vegard’s law, in
which the energy is simply half of the energy difference
between the normal and the inverted structure. The supposi-
tion here is that the disordered state, described by a 50/50
mixture of cations, is halfway between the normal and inverted
state. For perovskite, this relationship holds quite well, with
some possible deviation for compounds with lower energies of
inversion.

For the most part, the energy to disorder the pyrochlores is
also a linear function of the inversion energy, though offset
from a perfect Vegard’s law relationship. This deviation is due
to the fact that, in the inverted structure, symmetry prevents the
oxygen structural vacancies from relaxing while they are able to
relax in the symmetry-broken disordered SQS. Thus, the
inverted structure is in some sense an overestimation of the

This journal is © the Owner Societies 2023
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Fig. 3 Energy to randomize the cation distribution versus inverting it for a
selection of perovskites, spinels, and pyrochlores (the full list is given in
Table 1). The lines are estimates from a 1/2 (black) and 2/3 (red) linear
interpolation between the ground state and the inverted structure —
referred to here as “Vegard”. The circled group of compounds are the
titanate pyrochlores.

tendency for disordering. Looking at these structures in more
detail, we indeed find that several oxygen ions relax signifi-
cantly in the SQS as opposed to in the inverted structure. Some
of the pyrochlores also exhibit some significant deviation from
the rest, as highlighted by the circled region. These are pyro-
chlores in which B = Ti, a family of compounds known to
exhibit non-monotonic behavior with A cation chemistry,
including in the critical amorphization temperature.® This
complex behavior has been attributed to the varying nature of
electronic hybridization as a function of the A cation in these
compounds.®® This will be further discussed below. However,
disregarding the known anomalous behavior of the titanates,
the rest of the pyrochlores indeed exhibit a clear relationship
between the disordering and inversion energies.

Finally, we turn our attention to the spinels. While the
relationship between disordering and inversion is not nearly
as straight-forward as for perovskites or pyrochlores, we still see
an overall trend in which a higher energy for inversion corre-
lates to a higher energy for disorder. Further, this relationship
roughly tracks with a different Vegard relationship in which the
inversion energy is scaled by two-thirds, as the random state
corresponds to a structure with i = 2/3. However, it is very clear
that the data for the spinels is much more scattered than for
the other structures. While we have not identified a single
reason for this, it seems that magnetism is at least partially
responsible for this scatter, which is discussed later.

The results in Fig. 4 confirm the supposition that the
deviation in behavior from ideal Vegard’s law is due to relaxa-
tion, at least for the pyrochlores. The difference in the average
relaxation of oxygen atoms in the random structures vs. the

Phys. Chem. Chem. Phys., 2023, 25, 27189-27195 | 27191
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Fig. 4 Deviation of the randomization energy from “Vegard” as a function
of the difference in oxygen relaxation in the random vs. inverted structure
for perovskites, pyrochlores, and spinels. The circled group of compounds
are the titanate pyrochlores.

inverted structures (AAd) is plotted against the deviation of the
random energy from the Vegard’s law interpolation between
the end members (AAE). (In these calculations, the reference is
an ideal structure with the same cation distributions and the
ion relaxation is calculated as the distance between the same
ion in the relaxed and the ideal structures; the shape of the
relaxed cell is scaled to that of the ideal cell to eliminate
“displacements” due to changes in volume/shape.) The per-
ovskites show very little relaxation from the ideal as-
constructed structures and, correspondingly, small deviations
in AAE. The pyrochlores, in contrast, exhibit much higher
values of AAd and thus greater values of AAE. This is, in part,
a consequence of the higher symmetry of the inverted structure,
which stabilizes the ordered structure. In particular, AAE is
negative, highlighting the enhanced stabilization that the
relaxation of the oxygen ions provide in random structures.
The spinels again exhibit more complex behavior. While AAd is
relatively small - on the order of that seen for the perovskites —
AAE is significantly larger. As we previously noted, we do not
have a firm explanation for this larger scatter; we presume it is
a consequence of the magnetic structure of these oxides. All
calculations were initiated in a ferromagnetic state, which may
not be the ground state for many of these compounds. If all
three structures do not relax to a similar magnetic state, there
will be an extra contribution to the energetics that we are not
accounting for here.

To test the generality of this relationship, we also considered
so-called double spinels, in which three cations order across
the two sublattices in spinel.** In the ground state, the struc-
ture looks very much like the inverse single spinel structure,
except that the A cation on the B site is replaced by a third C
cation - this is illustrated in Fig. 5. In this ABCO, structure,
there are two scenarios to create a partially inverted structure:
by swapping cations between the A and B sites or the A and C
sites (swapping cations between the B and C sites does not
change anything since these reside on the inversion-invariant

27192 | Phys. Chem. Chem. Phys., 2023, 25, 27189-27195
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Fig. 5 Energy to randomize the cation distribution versus inverting it for
double spinels (the full list is given in Table 1). The line is an estimate from
2/3 linear interpolation between the ground state and the inverted struc-
ture — referred to here as “Vegard”. Two sets of data are shown, one in
which the inversion energy is measured for the lower energy inverted
structure relative to the ground state, labeled '‘Mid-Min" and another
in which the higher energy inverted structure is considered, labeled
‘Max—Min'. The inset shows the cation ordering within the double
spinel structure.

octahedral sublattice). Each case leads to a potentially higher
energy structure. Here, we correlate the SQS energy, in which all
three cations are randomly distributed, with the energy of each
of the inverted structures. The reasoning here is that if the next
highest structure is much higher in energy, again the cations
have a very strong preference for a specific ordering. On the
other hand, there are scenarios where some orderings are
energetically degenerate and others are not, so we consider both
cases. The results are highlighted in Fig. 5. Again, we see a strong
correlation between the disordering and inversion energies. This
correlation is reasonably strong for both inverted structures.
Interestingly, if we examine the lower energy inverted structure
(labeled “Mid” in Fig. 5), the correlation is perhaps better but off
of the Vegard’s law trend line. In contrast, the higher energy
inverted structure is closer to the trend line but exhibits more
scatter, reminiscent of the single spinels. At this time, we do not
have a reason for this behavior. While there are intuitive reasons
for the data to be below the line, as it was for pyrochlore, there is
no obvious reason for it to be higher, except that the mixing of all
three cations in the double spinel structure does not correspond
to any one inverse structure. That is, we cannot view the disorder
state for a three component material as an interpolation between
an inverted structure in which only two cations are swapped.
Even so, we see there is a strong correlation between the two
energies, indicating that the idea that disordering is related to
structural degeneracy still holds.

Thus, we find an overall strong correlation between the
energy to disorder a complex oxide and the energy to invert

This journal is © the Owner Societies 2023
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Fig. 6 Radial distribution function of oxygen in Dy,Zr,O; (DZO) and

Dy,Ti,O; (DTO) for the normal, inverse, and random structures. The insets

highlight the atomic structure of the random case for both compounds. In

these structures, red spheres represent oxygen, cyan spheres are Dy,

purple spheres are Zr, and yellow spheres are Ti.

the cations. This relationship holds across chemistries and for
several different crystal structures, though there are clear
exceptions to the rule as demonstrated by the titanate

View Article Online

Paper

pyrochlores. However, the near-universality of this relationship
suggests that the inversion energy can be used as a good proxy
for the disordering energy and can be used as a metric to screen
compounds that are more or less easily disordered.

The quest to find new multi-component oxides that do or do
not disorder, including high entropy oxides,*** has led to the
development of new descriptors to quickly assess that propensity.
For example, the entropy forming ability (EFA) describes how the
energy distribution of a range of random structures relates to
likelihood of disordering the material.>* If the distribution is
narrow — indicating that structures tend to have the same energy
- the material is easy to disorder and conversely, if the distribution
is broad, a disordered state is less likely to form. Our metric - the
inversion energy - is in some sense a limit of this concept, where
we identify one structure that describes the energetic degeneracy
of different cation arrangements and thus the propensity for
disorder. Of course, calculating the energy of one structure is
more computationally efficient than doing the same for an
ensemble of structures. The EFA has been quantitatively correlated
with experimental synthesizability for multi-component materials
and thus has been shown to be predictive and generalizable.
Further work is needed to extend the inversion energy to multi-
component systems, but the fact that it correlates with disordering
for the three-component double spinels suggests this is possible.

Table 1 The compounds used to generate Fig. 3 and 5. In the case of the spinels, the cation that resides on the tetrahedral site in the groundstate
structure is indicated by parentheses. In the case of the double spinels, only the energy of the lower energy inverted structure is provided

Structure Compound AE™TSON (mev) AE™MOM (mev) Structure Compound AE™eTSON (mey) AE™MO™ (mev)
Pyrochlore Nd,Ti,0, 636.218 71.509 Single Spinel (Cd)AlLL O, 99.578 89.872
Pyrochlore Sm,Ti,05 616.297 76.517 Single spinel (AlAINiO, 69.076 39.301
Pyrochlore Gd,Ti,0; 590.881 83.939 Single spinel (Cd)CdGeO, 45.058 91.395
Pyrochlore Dy, Ti,0, 563.114 77.045 Single spinel (Co)CoMnO, 142.862 31.909
Pyrochlore Er,Ti,0; 534.207 72.820 Single spinel (Mg)Fe,0, 37.610 44.152
Pyrochlore Nd,Hf,0, 430.417 102.402 Single spinel (Ga)GaMgO, 11.119 22.480
Pyrochlore Sm,Hf,0, 389.320 81.951 Single spinel (Ga)GaNiO, 102.938 42.237
Pyrochlore Gd,Hf,0, 344.801 58.909 Single spinel (In)InMgO, 11.580 25.185
Pyrochlore Dy,Hf,0, 303.076 36.601 Single spinel (Zn)ZnGeO, 59.471 97.927
Pyrochlore Er,Hf,0, 263.306 14.675 Single spinel (Mg)AL O, 27.888 43.992
Pyrochlore Nd,Sn,0; 572.115 160.002 Single spinel (Co)CoGeO, 15.610 89.896
Pyrochlore Sm,Sn,0; 507.060 133.941 Single spinel (Cd)Cr,,04 269.338 204.265
Pyrochlore Gd,Sn,0, 506.935 141.496 Single spinel (Ni)Cr,04 158.499 117.782
Pyrochlore Dy,Sn,0; 473.168 121.541 Single spinel (Cd)Fe,04 103.084 88.853
Pyrochlore Er,Sn,0; 439.986 114.330 Single spinel (Ge)Mg,0, 12.458 111.995
Pyrochlore Nd,Zr,0, 385.260 67.506 Single spinel (Ge)Ni, 04 85.527 136.653
Pyrochlore Sm,Zr,0; 342.526 44.795 Single spinel (Cd)Rh,0, 288.803 183.534
Pyrochlore Gd,Zr,0, 296.789 32.212 Single spinel (Mn)Rh,0, 200.974 129.177
Pyrochlore Dy,Zr,0, 254.479 8.765 Single spinel (Mg)Ti,04 69.928 33.880
Pyrochlore Er,Zr,0, 214.367 -12.609 Single spinel (Mn)Ti,04 75.765 53.570
Perovskite LaNdO; 35.542 3.331 Double spinel (Ti)MgFeO, 9.703 42.376
Perovskite LaEuO; 98.533 31.926 Double spinel (Mn)TiCoO, 17.959 66.702
Perovskite LaTbO; 137.351 55.429 Double spinel (Ga)MgAlO, 22.078 52.410
Perovskite LaErO; 188.698 86.556 Double spinel (Co)MnRhO, 28.870 77.806
Perovskite LaTmO; 204.272 97.279 Double spinel (In)MgTiO, 53.651 91.200
Perovskite LaLuO; 230.608 118.968 Double spinel (Zn)GeMgO, 44.652 109.233
Perovskite NdLuO; 209.607 98.914 Double spinel (Cd)GeMgO, 49.203 116.873
Perovskite EuLuO; 149.646 56.988 Double spinel (Zn)GeCoO, 39.702 103.955
Perovskite TbLuO; 108.802 35.528 Double spinel (Cd)GeCo0O, 61.680 111.977
Perovskite ErLuO; 53.908 9.536 Double spinel (Zn)GeNiO, 62.399 137.645
Perovskite TmLuOj3; 35.443 1.047 Double spinel (Al)NiCroO, 27.720 86.021
Perovskite NdTmO; 179.743 80.703 Double spinel (Ga)NiCro, 75.841 125.120
Double spinel ~ (Cd)FeAlO, 88.568 118.636
Double spinel (cd)CrAlo, 113.474 150.112
Double spinel (Cd)RhAIO, 154.046 171.383
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The titanate pyrochlores are the clear exception to the trends
discussed here. In the inverted pyrochlore structure, titanium
cations are forced into 8-fold coordination environments. This
is a particularly unstable configuration, as titanium cannot
accommodate coordinations greater than 6.>>2° That fact is
reflected in our observation that the titanate pyrochlores, in the
inverted structure, see greater levels of oxygen relaxation than
the other pyrochlore compounds. This highlights a limit to the
use of inverted structures to understand disordering: if the
inverted structure represents an extremely unstable configu-
ration, it will not correlate with the random structure to any
great extent. Further, the disordering energies for these com-
pounds are not so high, a reflection of the greater cation
relaxation in the random titanate pyrochlore structures than
in the other pyrochlore chemistries. That is, these structures
are so unstable that they rearrange to a higher degree. The
cations do not move in the ordered pyrochlore structures (both
normal and inverted), a consequence of the high symmetry of
the cation arrangement.

This difference in behavior is further illustrated by compar-
ing the radial distribution functions (RDF) for oxygen in two
pyrochlores - Dy,Zr,0, (DZO) and Dy,Ti,O, (DTO). This com-
parison, shown in Fig. 6, reveals that, for DZO, the RDF for
oxygen in the random structure spans the distances observed
for the normal and inverse structures. This supports the pre-
mise that the random structure lies, in some sense, between
these two extreme cation ordering cases. However, for DTO, this
is not true. The random structure exhibits oxygen distances that
lie outside of the range spanned by the normal and inverse
structures, suggesting that there is much more relaxation in
this case, in agreement with the results in Fig. 4. This is further
demonstrated by comparing the structures, shown in the
insets, in which both the oxygen and the cations exhibit
significantly more relaxation for DTO than for DZO. Together,
this suggests that, for some compounds, there are further
considerations that are not captured by the two ordered
endmembers.

Finally, cation disordering is also related to the amorphiza-
tion resistance of a complex oxide under irradiation,>*”®
though this relationship is sensitive to the crystal structure
itself.>® Thus, having a metric to identify compounds which
easily disorder will also provide insight into which compounds
exhibit higher resistance to amorphization. At the same time,
we also expect that this same metric can be used to identify
compounds which can more easily be synthesized or grown in a
thin film geometry, as compounds that are harder to amorphize
might also be easier to grow in crystalline form, though they
may be also harder to achieve in an ordered state. Thus, this
proposed metric can be used to potentially screen for materials
that are more or less susceptible to amorphization.

5. Conclusion

In conclusion, we have found that the energy to invert the
cation structure in a complex oxide directly correlates to the

27194 | Phys. Chem. Chem. Phys., 2023, 25, 27189-27195
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energy to randomize the cations. That is, the inverted structure
can be viewed as a limiting case with the random structure
falling in between according to Vegard’s law. Even in cases
where other factors such as magnetism complicate the picture,
there is still a trend that can be used to screen materials based
on their propensity for disordering. This metric complements
other approaches in the literature to identify compounds in
which disordering cations is energetically favorable or not,
providing new avenues for screening materials.
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