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Distortion-stabilized ordered structures in A2BB’O7 mixed
pyrochlores
Ghanshyam Pilania1, Brian Puchala2 and Blas P. Uberuaga 1

Pyrochlore oxides (A2B2O7) are interesting for a number of technological applications, including radiation damage tolerance and as
ionic conductors. Mixed pyrochlores—containing two A and/or two B site cations—provide even more flexibility for tailoring
properties owing to the diverse chemical and configurational degrees of freedom accessible within this chemical space. Here, we
examine relative stability of different cation orderings in one model double pyrochlore Gd2(ZrxTi1−x)2O7, as a function of Zr content
x. Our results show that, in the presence of some very specific local cation arrangements, certain cation-ordered compositions in
this system are highly stabilized as a result of large oxygen relaxation displacements, leading to the formation of an ordered
‘double’ pyrochlore structure. The origins of these anomalous oxygen relaxations are traced back to both the local cation symmetry
and a strong chemical preference of Zr atoms towards adopting a 7-fold coordination environment, as opposed to a 6-fold
coordination available in a regular pyrochlore structure. Subsequently, we examine the stability of this type of ordering in 131 other
pyrochlore compositions. Implications of our findings are discussed in relation to the observed composition-dependent ionic
conductivity in these systems and connections with previously reported experimental findings are made.
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INTRODUCTION
Oxides are an attractive class of materials due to their extreme
variety in functionality. This richness arises from the very flexible
chemistry of these materials. Indeed, beyond base compounds
such as binaries and ternaries, the possibilities for modifying the
chemistry of most oxides is nearly limitless. Such multicomponent
oxides often have significantly improved performance over the
end-member compounds, with enhanced scintillation,1 ferroelec-
tricity,2,3 piezoelectricity,4 high temperature stability5 and catalytic
response.6 By expanding the chemical space in which compound
discovery can occur by considering mixed oxides, the potential for
materials discovery expands exponentially.
Thus, in the quest for new materials, understanding the

structures that result from mixing simpler compounds to form
more complex materials is critical. This has been extensively
studied in some cases. For example, in the perovskite family of
compounds (ABO3), the properties of so-called double perovskites
have been examined by multiple groups.7,8 These compounds,
containing two A and/or two B cations, can form ordered
structures for some chemistries9–11 and these orderings are
known to modify functional properties, including oxygen trans-
port12,13 and ferromagnetism.14

In the case of pyrochlores (A2B2O7), the subject of the current
work, mixed systems have been used to understand, amongst
other properties, the role of disorder in both radiation damage
tolerance and ionic conductivity. Simply, as, for example, the B
cation is gradually changed from Ti and Zr, the propensity for
cation disorder increases and this has been correlated to the
functionality of the material. In materials such as Gd2(ZrxTi1−x)2O7

(GZTO), as the chemistry shifts from x= 0 to x= 1, disorder
increases and so does the resistance to amorphization15–17 and

the magnitude of ionic conductivity.18 Thus, in many studies of
ionic conductivity, disorder is induced in the system via the
introduction of additional cations.18–20 These studies have led to
conflicting results, with some showing a direct increase in the
conductivity vs. disorder18 while others suggest that the ordered
phase has a higher conductivity than the disordered state.19,20

Implicitly, these studies assume a smooth and gradual transition
from the ordered state to the disordered state with changes in
chemistry. However, this is not always the case. For example, NMR
studies show that, depending on both the A and B chemistry of
the compound, mixed pyrochlores can form either solid solutions
or phase separate.21,22 This complicates the establishment of
structure-property relationships with disorder.
In this work, we consider a further complication, the possibility

that, even in cases where the cations form a solid solution in
mixed pyrochlores, they may form ordered structures, reminiscent
of the double perovskites, rather than a disordered solid solution.
These ordered structures would naturally exhibit different trans-
port behavior than a random solid solution, as we have seen
previously for double perovskites.13 Thus, in any campaign to
establish structure-property relationships for mixed pyrochlores,
one must have a solid understanding of what the detailed atomic
structure of the mixed pyrochlore is. We use density functional
theory (DFT) to investigate the possible orderings as a function of
x in Gd2(ZrxTi1−x)2O7. We identify unique ordered ground states
that are stabilized by significant distortions in the oxygen
sublattice, distortions that increase the coordination of Zr from 6
to 7. We then examine the stability of this ordering in other
pyrochlore compositions. We find that in many compositions in
which the A cation is of sufficient size and the B sublattice
contains sufficient Zr and/or Hf, ordered structures are
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thermodynamically preferred, at least at low temperature. These
results offer new insight into the structures that drive performance
in mixed pyrochlores.

RESULTS
The DFT-computed mixing energies (i.e., the formation energies
with respect to the pure pyrochlore chemistries with x= 0 and
x= 1) for the entire set of 704 configurations enumerated within
the generalized Gd2(ZrxTi1−x)2O7 formula unit are presented in
Fig. 1. In addition to the end points, the DFT-computed convex
hull identifies four different ground-state structures with composi-
tions x= 0.25, 0.583, 0.75 and 0.833 (the relaxed geometries are
provided in the Supporting Information). The atomistic structures
for the identified ground-state ordered structures are also
depicted in Fig. 1. The DFT results in Fig. 1 indicate that, as the
composition varies from Ti rich to Zr rich, there are ordered
structures of Ti and Zr on the B-sublattice that are thermo-
dynamically stable. Thus, similar to double perovskites, these
mixed pyrochlore systems may also exhibit some tendency to
form ordered solid solutions. Further, the propensity for ordering
is greatest for a Zr-rich composition of x= 0.75, indicating that the
propensity for forming an ordered structure is sensitive to the
composition of the mixed system.
We further note that the specific orderings identified in Fig. 1

between x= 0 and x= 1 (i.e., mixed pyrochlores) all have a
superstructure that is longer-ranged than simple “single” pyro-
chlore structure. In other words, the orderings are not possible with

the standard pyrochlore primitive unit cell containing 22 atoms
(i.e., two formula units) and need either 44-atom (for x= 0.75) or
66-atom supercells (for x= 0.25, 0.583, and 0.833). To look for
specific signatures for the aforementioned cation ordering, in Fig. 2

Fig. 1 Calculated mixing energies (i.e., formation energies relative to the pure single pyrochlore end point compositions with x= 0 and x= 1)
per primitive unit cell (with 22 atoms, containing two effective pyrochlore formula units) for the entire set of 704 unique configurations
enumerated within the Gd2(ZrxTi1−x)2O7 chemistries. The DFT predicted convex hull is represented as a solid line. The atomistic structures for
the identified ground-state ordered structures on the convex hull are illustrated. While Gd and O atoms are represented by purple and red
spheres, Ti and Zr polyhedra are depicted in blue and green colors, respectively

Fig. 2 Simulated XRD patterns for mixed GZTO, using the DFT-
computed ground-state structure with x= 0.75 (black), and GZO
(red) pyrochlores. CrystalDiffract was used to simulate the theoretical
XRD patterns from the pyrochlore supercell geometries43 and an
orthogonalized supercell was used for simulating the XRD spectra44
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we compare the X-ray diffraction (XRD) patterns for mixed GZTO
(using the DFT-computed ground-state structure with x= 0.75 that
exhibits the lowest mixing energy) and GZO pyrochlores. It can be
seen that as a consequence of B-site ordering some of the peaks in
the “single” pyrochlore GZO are split in the mixed GZTO structure.
Furthermore, we also find some new (weak) peaks at various
angles that are a reflection of the ordering in the mixed structure.
The DFT calculations provide the zero-Kelvin ground-state

structure and a range of higher-energy metastable structures for
each composition. Thus, while the ground states are ordered
structures, it is possible that their range of stability versus
temperature is rather limited. One approach to understand the
temperature-dependent phase stability of these structures is to
use Monte Carlo. Given the expense of doing Monte Carlo directly
with DFT energetics, we turn to CE to parameterize an effective
Hamiltonian.
As a next step, we use the DFT computations to fit a CE

Hamiltonian to describe energetics of any given atomic config-
uration and composition x for the B-site ordered pyrochlore
chemistries. We included the entire set of 704 configurations in
the CE fitting while closely following the approach previously
described.23 During the effective cluster interactions (ECI)
optimization procedure, we systematically considered clusters
with up to n-body interactions with n∈ [4, 7] while gradually
varying the maximum allowed site spacing between the n-body
clusters from 7 Å to 10 Å. Our CE analysis showed that while CE fits
with small and moderate basis sets failed to describe the DFT
grounds states, ECIs chosen from a much larger set (with up to 7-
body interactions and maximum allowed site spacing of 10 Å)
were able to adequately capture the relative energetics of the
structures in the CE training set (see Fig. S1 in the Supporting
Information). Although the adopted ECI optimization procedure
explicitly included a k-fold cross-validation strategy to select the
best set of ECIs (in order to avoid overfitting to the training data
and thereby leading to a better generalizability on unseen
configurations), we found that the unusually large basis sets that
were eventually able to provide a good fit for the entire set of low-
energy DFT configurations inevitably led to an overfitting of the
training data.
To further understand the poor performance of the CE fits to

the DFT-computed energetics, we looked into basis and lattice
relaxation patterns of the DFT configurations used in the fitting
procedure. Our analysis identifies large basis deformations for a
subset of the compounds as a cause of this problem. More
specifically, we find that in certain local chemical environments O
atoms display unusually large relaxation displacements (~1.5 Å),
which not only lower the energies and volumes of the supercells
significantly, but also result in local coordination environment
changes of the nearby cations. Essentially, a subset of oxygen
atoms displace away from their initial pyrochlore lattice positions,
forming a structure that does not correspond exactly to that of
pyrochlore. Such relaxations have not been previously reported
for any pyrochlore chemistries, to the best of our knowledge.
In order to quantify the extent of the basis deformations

resulting from the anomalous O relaxations, we define a cost
function that describes the degree to which basis sites have
relaxed with respect to the ideal pyrochlore structure. The basis
deformation cost function is defined as the mean squared
displacement of atoms from their position in the relaxed ideal
structure (i.e., a reference structure accounting for the lattice
relaxations but the internal coordinates fixed to the unrelaxed
ideal positions). Figure 3a, b present formation energies and
volumes of the relaxed structures per 22 atom primitive cell as a
function of composition, with the marker colors representing the
extent of the basis deformation. It is interesting to note that while
ground-state compounds with x < 0.5 (i.e., the Ti-rich chemistries)
exhibit only minimal relaxations with respect to the ideal
pyrochlore configuration, the ground states with Zr-rich

chemistries consistently show a significant amount of basis
deformation. Furthermore, these local relaxations also result in a
lowering of the overall volume of the supercells. This can be seen
from Fig. 3b, where mixing of the two pyrochlore chemistries, in
general, leads to configurations that show either equal or larger
volumes with respect to what is expected from a simple linear
interpolation, but those configurations showing relatively large
basis deformations clearly stand out with significantly lower
supercell volumes.
To illustrate the nature of the local O relaxations, we take the

specific example of the x= 0.75 ground-state configuration.
Figure 3c, d present the unrelaxed and DFT-relaxed supercell
geometries, respectively, for this ground-state structure. The
relaxation amplitudes and directions of the O atoms that are
largely responsible for the large basis deformation are identified
with black arrows in Fig. 3c. It can be seen that as a result of the
relaxation, O atoms common to the two Ti octahedra move
significantly closer to a nearby Zr octahedron. As a result, the
coordination environment of the Zr atom changes from 6-fold to
7-fold, while the two Ti atoms remain 6-fold coordinated, albeit
with slightly distorted octahedra, as shown in Fig. 3e. Our analysis
shows that as a general requirement for the aforementioned
large O relaxations to occur, the following two conditions have to
be met: (1) an O atom must be common to the two corner sharing
Ti octahedra and (2) a nearby Zr atom must have an asymmetric
local atomic environment of surrounding cations. As an example,
to illustrate the second condition, Fig. 3f–g depict two
representative cases from our DFT-computed dataset where the
first condition is met for both structures, however, owing to the
local symmetry breaking, only the Zr atoms in the supercell
shown in Fig. 3g can relax to a 7-fold coordinated environment.
Note that the symmetry argument made above also explains why
the pure x= 1 case (i.e., the Gd2Zr2O7 single pyrochlore) does not
exhibit such O distortions, although Zr atoms favor a 7-fold
coordination.
To further understand the O relaxations in the context of well

established notions of the “kagome” pattern formed by oxygen in
single pyrochlores,24,25 we take a look at the collective patterns of
atoms in a oxygen–metal–oxygen layer stacking normal to the
[111] direction corresponding to a pseudo-cubic pyrochlore
supercell, as shown in Fig. 4a. We note here that the pyrochlore
(with stoichiometry M4O7, without differentiating the two different
metal ions M) structure is fundamentally related to a parent
fluorite (MO2) structure. Owing to the different metal–oxygen
stoichiometry, however, the individual structure of oxygen atoms
in each layer in the two structures differs. More specifically,
pyrochlore differs from fluorite in that half of the oxygen planes
contain structural vacancies that form a “kagome” pattern and
have the extra complexity of having two different cationic species.
In Fig. 4, we compare the local O relaxation patterns in relaxed

Gd2(Zr0.75Ti0.25)2O7 (Fig. 4d, e) with the corresponding bulk-like
single pyrochlore structure (Fig. 4b, c). For easy comparison, we
show three stacked oxygen–metal–oxygen layers (side view
shown in Fig. 4a and also identified in the central panel) where
the central metal layer contains only Gd and Ti cations and the
oxygen layer directly above the metal layer contains O atoms that
exhibit the predicted anomalous relaxations. While oxygen atoms
in both the top and the bottom layers are visible in Fig. 4b, d, only
top layer oxygen atoms are shown in Fig. 4c, e, and the “kagome”
pattern formed by oxygen atoms in the top layer is highlighted in
selected panels as a guide to the eye. From Fig. 4a–e, it can be
seen that as a result of the O relaxations of selected O atoms in
the top layer (identified by black arrows in the right panels)
alternate triangles in the “kagome” pattern” are affected as the O
atoms relax from the vertices to the near-centroid positions.
A physically meaningful CE fit can still be possible in the

presence of a limited set of training configurations that lead to
large basis deformations upon relaxation, provided the resulting
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structures are sufficiently higher in energy with respect to the
ground-state structures and therefore minimally contribute to the
determination of lower regions of the potential energy surfaces. In
such a situation, omitting these structures from the training
dataset used in the CE fitting generally improves the quality of the
resulting fits, without sacrificing the underlying “physics” of the
problem. However, in the present case, a large fraction of the
identified ground-state chemistries (i.e., all the mixed Zr-rich
cases) exhibit large basis deformations and therefore an effective
Hamiltonian obtained by refitting a CE model after removing the
structures that exhibit anomalously large O relaxations will not be
a very realistic one. The inability to fit a CE Hamiltonian for the
Gd2(ZrxTi1−x)2O7 mixed pyrochlore system within the scope of this
work prevents us from examining the thermal phase diagram and
determining the stability field for the ordered structures. While
this is a negative result, our DFT-based results clearly show that
certain ordered mixed pyrochlore chemistries are indeed thermo-
dynamically favorable—with a strong theoretical evidence that
the local chemical environments in such mixed or double
pyrochlores may significantly deviate from their single pyrochlore
bulk counterparts.
The results presented thus far naturally lead to the following

question: “How general are these findings?” To address this

question as to whether the theoretical findings are specific to the
Gd2(ZrxTi1−x)2O7 mixed pyrochlore system or represent the
behavior of a much wider class of chemistries, we next explore
chemical trends within a set of 132 different mixed pyrochlore
chemistries of A2(B0.25B'0.75)2O7-type. The details of the specific
choices considered for A, B and B’ chemistries are provided in the
Methods section, towards the end of the manuscript. An analysis
identical to that for Gd2(ZrxTi1−x)2O7 across this entire chemical
space would require DFT-computations of 704 compounds for
each of these chemistries—beyond the scope of the present
study. Therefore, the mixed pyrochlores are simulated using the
supercell configuration that exhibits the lowest mixing enthalpies
for the Gd2(ZrxTi1−x)2O7 system. We note that the specific ordering
we have chosen to study relative trends across different
chemistries may not represent ground-state configurations for
the respective chemistries, but mixing energies computed with
this ordering certainly constitute an upper bound on the
minimum energy of mixing for the corresponding
A2(B0.25B'0.75)2O7-type double pyrochlores. More importantly,
using this structure and the associated cation ordering for the
target chemical space exploration allows for O relaxations that are
responsible for Zr coordination switching from a 6-fold to a 7-fold
environment upon relaxation in Gd2(Zr0.75Ti0.25)2O7 with a large

Fig. 3 a Basis deformation mapped DFT-computed mixing energies and b relaxed volumes (normalized to a primitive cell containing 22
atoms, i.e., 2 effective pyrochlore formula units) as a function of composition. The colors represent the extent of the basis deformation. The
dashed line in b represents a Vegard’s law based interpolation. c, d Unrelaxed and DFT-relaxed supercell geometries for the Gd2(Zr0.75Ti0.25)2O7
ground-state structure. The relaxation of O atoms that are largely responsible for the large basis deformation are identified with black arrows
(these structures are the same as shown in Fig. 1, just a different perspective and with fewer periodic images). e A closer view of the
coordination environment changes as a result of the large O relaxations for the ground-state configuration. The coordination environment of
the Zr atom changes from 6-fold to 7-fold, while the two Ti atoms remain 6-fold coordinated, although with slightly distorted octahedra. f, g
Two representative cases from the DFT-computed dataset where local symmetry breaking around the Zr atoms drives the predicted large O
relaxation behavior. When this symmetry breaking does not occur (as in f ), the O atoms do not relax so significantly
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energetic contribution to the mixing energy. Thus, this also allows
us to gain further insight into the chemical driver of the large O
relaxation.
Figure 5a presents results of our DFT-computed mixing energies

for the aforementioned 132 A2(B0.25B'0.75)2O7 double pyrochlores.
The chemistries are grouped according to the A-site chemistries in
different panels, which are presented in decreasing order of the A
elemental empirical radii going from A= La to A= Lu.26 For a
given A-site chemistry, B and B' chemistries are identified along
the vertical and horizontal axis, respectively. Several interesting
observations can be made from the results presented in Fig. 5a.
Most remarkably, the mixing energy patterns in different panels
can be visually classified in to two different classes. The
chemistries with A ∈{La, Pr, Nd, Sm} appear to behave qualitatively
different from the rest. A deeper case-by-case analysis reveals that
within this set of compounds the aforementioned O relaxation
displacements are not energetically favorable, irrespective of the B
and B’ chemistries.
In contrast, for the double pyrochlore chemistries with A ∈{Y,

Gd, Tb, Dy, Ho, Er, Lu}, a number of B and B' chemistries exhibit the
energetically favorable mixing driven largely by the O relaxation
displacements, similar to those identified in Fig. 3 for
Gd2(Ti0.25Zr0.75)2O7. In particular, the double pyrochlore chemis-
tries with Zr and Hf atoms at the B’ site generally show both
favorable mixing tendencies as well as the anomalous O relaxation
displacements. To further establish the fact that the chemical
trends in mixing energies within this subset of compounds are
indeed largely dictated by the O relaxation displacements, in Fig.
5b we present the energy contributions due to O relaxation
displacements to the total mixing energies (cf. Fig. S2 in the
Supporting Information for the associated supercell volume

changes). In each case, the relaxation energies are computed by
comparing the energetics of a completely relaxed structure with
the one where all internal coordinates are allowed to relax except
the O atom that exhibits anomalous relaxation displacement (cf.
Fig. 3e). This is practically carried out by restricting the relaxation
displacements of the O atom as well as the nearby B’ site atom
whose coordination is altered after the relaxation (note that just
restricting the relaxation of the O atoms internal coordinates
would not be sufficient, as the rest of the supercell atoms can then
relax relative to the O atom). Figure 5b clearly demonstrates that
the mixing energy trends in this set of compounds are indeed
largely governed by the relaxation displacements of the O atom.
That is, the most stable of the mixed compounds in Fig. 5a
correspond to those in which allowing the O relaxation to occur
results in the biggest lowering of energy in Fig. 5b.
Most interestingly, Fig. 5a points to other compositions in which

the propensity of ordering of the mixed phases might be even
higher than in Gd2(ZrxTi1−x)2O7. For example within the A= Gd
system, a composition of 75% Zr and 25% Hf exhibits significantly
stronger ordering tendencies. There are also strongly ordered
pairings in the A= Ho, Er, and La families of compounds, many
involving mixings of Zr and Hf, but some combinations with Ti and
even Sn are relatively stable. Thus, in experimental searches for
ordered mixed pyrochlores, some of these compositions may
prove more fruitful.
Conversely, compounds involving mixing Sn and Ti on the B

sublattice are almost universally unfavorable, at least with the
ordered structure used here. There have been multiple studies,
several using NMR, to examine mixed pyrochlores containing Sn.
In the case of Sn and Ti pairings, if the A cation was Y, the system
formed a solid solution21 while, when A= La, the system tended

Fig. 4 Visualization of collective pattern of the anomalously large O relaxations in the context of the well known “kagome” pattern of O atoms
in the Gd2(Zr0.75Ti0.25)2O7 ground-state structure. While a shows the side view of the selected oxygen–metal–oxygen layers, b, c and d,e
respectively compare the unrelaxed and DFT-relaxed top views for the same. While b, d show O atoms in both the top and the bottom layers,
for clarity, O atoms only in the top layer are visible in c, e. The center panel identifies the three specific layers in the supercell shown in Fig. 3d,
which are used here to visualize the relaxation pattern of O atoms. The most prominent O relaxations are identified with black arrows and the
“kagome” pattern formed by O atoms in the top O layer is highlighted in selected panels
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to phase separate or even from a perovskite phase.22 Our results
are not directly comparable to these experiments as our
calculations are at 0 K and we are unable, because of the lack of
a suitable CE, to examine the finite temperature behavior of the
mixed systems. That said, Fig. 5a indicates that Ti/Sn pairings in
the A= Y pyrochlore family do not want to adopt the ordered
structure found for GZTO. Thus, the fact that it wants to form a
solid solution suggests that other ordered structures might be
favorable.

On the other hand, electron diffraction and NMR studies of Sn/
Zr pairings in A= Y pyrochlores reveal that there is evidence of a
longer-ranged ordering than that of pyrochlore.27 While those
authors were not able to identify the nature of the ordering, our
results suggest that this system, at least in the Zr-rich case, would
tend to form an ordered structure at low temperature. As always,
there is the possibility that another even more stable structure
exists for this compound as well.

Fig. 5 a DFT-computed mixing energies per formula unit for a set of 132 A2(B0.25B'0.75)2O7 double pyrochlores. The chemistries are grouped
according to the A-site chemistries identified on the top of the each panel. Labels on the vertical and horizontal axis identify B and B’
chemistries, respectively. The Gd2(Zr0.75Ti0.25)2O7 ground-state structure employed in the DFT energetics computations is also shown in the
bottom right panel. b For a selected set of A-site chemistries (that exhibit the identified large O-relaxation), mixing energy contributions
arising purely due to the aforementioned O relaxations are presented. Note that the relative energetics presented in b closely follows the
pattern in a when comparing the respective chemistries, indicating that the trends in the mixing energetics are indeed largely governed by
the O relaxation energetics
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We also note that the double pyrochlore mixing energies for
this set of compounds sensitively depend on the nature of the B’
cations (for a given A site chemistry) and the underlying chemical
trends can easily be rationalized in terms of relative size and
chemical bonding tendencies of the B’ elements. While Ti and Sn
cations exhibit relatively smaller ionic radii as B'4 + cations and
prefer a 6-fold coordinated environment, Zr and Hf possess
relatively larger tetravalent ionic radii and have a strong
preference for a 7-fold coordinated environment. We note that
the chemical propensity for a 7-fold coordination for Hf and Zr is
also a reason for the monoclinic ground states of simple oxides of
these metals, i.e., HfO2 and ZrO2, where the metal ions are 7-fold
coordinated. These notions are further illustrated in Fig. 6. While
Fig. 6a qualitatively depicts the geometrical similarity of a 7-fold
coordination for Hf atom in a double pyrochlore to that in HfO2,
the partial density of states (DOS) for Hf presented in Fig. 6b,
quantitatively confirms this by comparing electronic structures of
7-fold coordinated Hf atoms in HfO2 and Gd2(Ti0.25Hf0.75)2O7,
respectively. Qualitatively similar results are also obtained for the
corresponding Zr-based chemistries.
It is also worthwhile to note here that the stabilization

achievable through the O relaxations in mixed pyrochlore
chemistries is asymmetry with respect to B and B’ cation species.
More specifically, for an A2(B0.25B'0.75)2O7 compound only certain
B’ cations can change their coordination from 6-fold to 7-fold as a
result of the O relaxations, while all the B cations remain 6-fold

coordinated. Therefore, energetic contributions resulting from the
O relaxations to the mixing energies (as shown in Fig. 5b) are
predominantly governed by the chemical propensity of the B’
cations towards a 7-fold coordination. This implies that for
chemistries containing both Hf and Zr on the B-sublattice—such
as A2(Hf0.25Zr0.75)2O7 and A2(Zr0.25Hf0.75)2O7—the coordination
change of the B’ cations (Zr in the former case and Hf in the
latter case) is largely responsible for the lowering of the mixing
energies.
As a result of the relaxation displacements of the O atom, the

compounds with Zr and Hf atoms at the B’ site are not only able to
satisfy their natural propensity for a 7-fold B’ coordination, but also
the appropriate ionic size of these cation species allows for
minimization of the local strains caused as result of the O
displacements. This is in contrast to the compounds with Ti and Sn
as B’ cations. While both Ti4+ and Sn4+ ions intrinsically prefer a 6-
fold coordination, the much smaller ionic radius of Ti4+, as
compared to the Zr4+ and Hf4+, further results in energetically
unfavorable local strains in case of the O displacements, leading to
relatively larger positive energies of mixing in comparison to the
corresponding Sn based compounds.

DISCUSSION
These findings have important implications for ionic conductivity
in pyrochlores and provide insights into previously observed but
yet to be explained trends. For example, Fig. 7 shows experimen-
tally measured ionic conductivities in mixtures of Y2Ti2O7 and
Y2Zr2O7 as a function of both temperature and relative Zr content.
Consistent with other studies on mixed Gd2Ti2O7 and Gd2Zr2O7,
the conductivity is relatively low for the pure Ti compound and
increases with increasing Zr content y. Most interestingly,
however, is that the conductivity is not a monotonic function of
y but rather exhibits a small dip at a composition of y= 0.8. The
size of this dip is temperature dependent. This result suggests that
there is some aspect of this composition that is different from the
neighboring ones. We suggest that this composition might exhibit
an ordered structure of Ti and Zr. Indeed, our DFT calculations
indicate that for compositions around y= 0.75 the propensity for
such ordering is greatest. We cannot rule out that other effects

Fig. 6 a Polyhedra highlighting a 7-fold coordinated local environ-
ment of Hf atoms in ground-state monoclinic structure (space
group: P21/c). For clarity, polyhedra for only two Hf atoms are
shown. b, c Comparison of orbital decomposed partial density of
states (DOS) for a 7-fold coordinated Hf atom in HfO2 and
Gd2(Ti0.25Hf0.75)2O7, respectively

Fig. 7 Experimentally measured ionic conductivity σ for
Y2(Ti1−yZry)2O7 solid solutions as a function of temperature and Zr
content y. Data is replotted from ref. 45. Inset shows the temperature
variation of Δσ, defined as the relative lowering of the ionic
conductivity at y= 0.8 with respect to a value directly computed by
a linear interpolation of the conductivity of the neighboring
compositions
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might be driving this experimental behavior, such as differences in
phase separation. Also, the cation mixing in the experimental
system may be more complex than we have examined, with
mixing between the A and B cations as well. However, it is
intriguing that there is some reduction of conductivity at the
composition where we predict there to be the greatest ordering.
In fact, the presence of 7-fold coordinated Zr would be expected
to lead to a reduction of conductivity as it would tend to be a
bottleneck for the passage of an oxygen vacancy.
As mentioned in the introduction, mixed pyrochlores have been

used as a way of systematically introducing disorder into the
compound to examine the effects on ionic conductivity, with
conflicting results. Our results suggest that, in addition to
introducing two changes to the system at once–a change in
chemistry as well as disorder–there may be other effects, such as
compositional ordering, that further complicate analysis and
comparison. This is also born out by the measurements on mixed
Y2Ti2O7-Y2Zr2O7 discussed above. Thus, there are potential
complications to chemical changes that must be considered when
interpreting the results from experiments on mixed pyrochlores.
Indeed, changes in Zr coordination, in which Zr goes from a 6-

fold to a 7-fold coordination in the pyrochlore matrix, have been
observed before in various experimental studies.28–30 However, in
all cases, these changes have been induced by cation mixing and
the associated changes in the oxygen distribution. Further, in
those studies, any increase in Zr coordination was accompanied
by decreases in the coordination of other cations. To the best of
our knowledge, our theoretical calculations are the first to
demonstrate the stabilization of an ordered structure because of
the shift in coordination of Zr.
Finally, our results provide some insight into the fundamental

difference in the ionic conductivity in Zr-based pyrochlores as
compared to Ti-based compounds. In pyrochlores in which B= Ti,
all of the B cations are 6-fold coordinated, as they prefer to be.
This essentially locks the oxygen in place, as any movement would
disrupt, at least temporarily, the coordination of the Ti cations.
However, in the case of B= Zr, the B cations would prefer to have
7-fold coordination. Thus, the system is, in some sense, frustrated.
All of the Zr cations would prefer a higher coordination, and that
can be achieved at least transiently by shifting oxygen around.
This cannot be done for all Zr simultaneously and so leads to a
system that is more dynamic than if B= Ti. Thus, the origin of
higher conductivity in Zr compounds is not due to a stronger Ti-O
bond, but rather a stronger Zr–O interaction that drives the
system to constantly shift the oxygen around in a frustrated
attempt to increase the Zr coordination. This may lead to longer-
range concerted events that drive ionic conductivity in this type of
system. Such effects have been proposed earlier by Mohn et al. in
the context of ionic conductivity in Ba2In2O5.

31

To conclude, we have found novel low-energy ordered
structures for the mixed Gd2Ti2O7–Gd2Zr2O7 pyrochlores. The
lowest energy structures are stabilized by an oxygen relaxation
that allows for 7-fold coordination of some of the Zr cations in
these structures. This result has implications not only for
interpreting experimental results on mixed pyrochlores, but also
on the origins of conductivity in these types of systems. Finally,
the potential presence of ordered structures in mixed pyrochlores
opens a new avenue for tailoring the properties of these systems,
in much the same way that is being explored for double
perovskites. So-called double pyrochlores extend the functional
space of these compounds.

METHODS
DFT calculations were performed using the Vienna Ab initio Simulation
Package (VASP)32,33 and employed the Perdew, Burke, and Ernzerhof
(PBE)34 generalized gradient approximation (GGA) exchange-correlation
functional. The electronic wave functions were expanded in plane waves

up to a cut-off energy of 600 eV. The pseudopotentials based on the
projector augmented wave method35 explicitly included the following
valence electronic configurations for different elemental species in
Gd2(ZrxTi1−x)2O7 chemistries; Gd: 5p65d16s2, Ti: 3p63d2 4s2, Zr:
4s24p64d25s2, and O: 2s22p4. A Gamma-centered automatically-generated
4 × 4 × 4 Monkhorst-Pack k-point mesh36 was used for Brillouin-zone
integrations for a supercell containing 22 atoms. For larger supercells, the
k-point meshes were appropriately scaled to give the same k-point density
in the reciprocal space. Spin-unpolarized calculations were employed at
large, however tests with spin-polarized calculations were also performed
to confirm both the relative energetics and chemical trends computed
with the spin-unpolarized calculations. To obtain a geometry optimized
equilibrium structure, atomic positions as well as the supercell lattice
parameters were fully relaxed using the conjugate gradient method until
all the Hellmann-Feynman forces and the stress component were less than
0.02 eV/Å and 1.0 × 10−2 GPa, respectively.
The enumeration of different Gd2(ZrxTi1−x)2O7 chemistries and orderings

over the parent crystal structure was performed with the CASM software
package [https://github.com/prisms-center/CASMcode].23,37,38 The primi-
tive cells employed for the mixed pyrochlore chemistries contained 22
atoms and configurations spanned by supercells containing up to 66
atoms were enumerated exhaustively. This enumeration resulted in a total
of 704 different configurations, for which total energy minimizations and
computations were performed within DFT. Different configurations
represent different arrangements of Ti and Zr on the B sublattice within
the pyrochlore structure. An effort was also made using CASM to construct
and parametrize cluster expansion (CE) Hamiltonians in order to perform
subsequent finite temperature Monte Carlo simulations.39–42 However, as
discussed further in the results section, large basis deformations
encountered during structural relaxations for a subset of Gd2(ZrxTi1
−x)2O7 chemistries prevented us from fitting CE Hamiltonians reproducing
the relative energetics of DFT computations with a high fidelity.
To evaluate the relative tendency of B-site mixing in different

pyrochlores as a function of chemistry, mixing energies of 132 “double”
pyrochlores (each containing a single A-site and two different B-site
cations) were computed. Specifically, the 11 element choices considered
for the A-site chemistry were Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er and Lu,
while the two different elements mixing on the B sub-lattice were selected
form a pool of four species, viz., Ti, Zr, Sn and Hf. For these elements, the
specific choices of the VASP pseudopotentials (along with the associated
number of valance electrons) employed in the DFT computations are listed
in Table 1. Since an explicit exhaustive enumeration—similar to that for the
Gd2(ZrxTi1−x)2O7 chemistries described above—for the entire set of 132
double pyrochlores is well beyond the scope of the present work, for
practical reasons, we simulated the double pyrochlores in a composition
and configuration that resulted in the lowest energy of mixing for the
Gd2(ZrxTi1−x)2O7 chemistries.

Table 1. Details of VASP PAW PBE pseudo potentials used in the
present study for different elemental species

Elemental species VASP pseudo
potential

Number of included valence
electrons

Dy Dy_3 9

Er Er_3 9

Gd Gd_3 9

Hf Hf_pv 10

Ho Ho_3 9

La La 11

Lu Lu_3 9

Nd Nd_3 11

O O 6

Pr Pr_3 11

Sm Sm_3 11

Sn Sn_d 14

Tb Tb_3 9

Ti Ti_pv 10

Y Y_sv 11

Zr Zr_sv 12
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