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First-principles prediction of disordering tendencies in pyrochlore oxides
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Using first-principles calculations, we systematically predict the order-disorder energetics of series of zir-
conate (A,Zr,05), hafnate (A,Hf,0-), titanate (A,Ti,O4), and stannate (A,Sn,0;) pyrochlores. The disordered
defect-fluorite structure is modeled using an 88-atom two-sublattice special quasirandom structure (SQS) that
closely reproduces the most relevant near-neighbor intrasublattice and intersublattice pair-correlation functions
of the random mixture. The order-disorder transition temperatures of these pyrochlores estimated from our
SQS calculations show overall good agreement with existing experiments. We confirm previous studies sug-
gesting that the bonding in pyrochlores is not purely ionic and thus electronic effects also play a role in
determining their disordering tendencies. Our results have important consequences for numerous applications,

including nuclear waste forms and fast ion conductors.
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A,B,05 pyrochlores are an important class of oxide ma-
terials that are being considered for nuclear applications in-
cluding the immobilization of actinides in nuclear waste'~
and inert matrix fuel.*> The pyrochlore structure (space

group Fd3m) is closely related to the fluorite structure (space

group Fm3m) and can be considered as an ordered fluorite
derivative, i.e., BO, fluorite with half of the tetravalent B**
cations replaced by trivalent A** accompanied by charge-
compensating structural oxygen vacancies. Here both the
cations and anions are fully ordered such that each A3* (B*)
cation is coordinated by eight (six) nearest-neighbor oxygen
atoms. The pyrochlore structure can be transformed into the
disordered defect-fluorite structure by randomly distributing
the cations and anions on their respective sublattices.

As a nuclear material, the host must be highly resistant to
radiation damage. This is because irradiation will create
atomic scale defects, which with time will accumulate, pos-
sibly leading to amorphization and/or microcracking of the
crystalline structure. The two most important atomistic de-
fects that are created in A,B,0; pyrochlore oxides when ex-
posed to displacive radiation damage conditions are cation
antisite defects (0—Az+B,) and anion Frenkel pairs (0
— Vo+0,).%7 Interestingly, these defects are precisely the
ones that are responsible for the pyrochlore to fluorite order-
disorder transformation. In other words, radiation damage
inherently involves disordering processes (for example,
neutron-diffraction measurements showed that the Mg and
Al sublattices in MgAl,O, spinel are fully disordered after
high-fluence neutron irradiation®). Our earlier studies®?
found that oxides that show a natural propensity to accom-
modate lattice disorder will be less susceptible to detrimental
radiation damage effects such as amorphization. Therefore,
the order-disorder phase transition under equilibrium condi-
tion is the focus of this work. An understanding of structural
disorder is also important for other properties such as ionic
conductivity.>!0

A number of materials properties have been proposed in
the literature to indicate the disordering tendencies of pyro-
chlores, including the formation energy of disordering point
defects,>”!112 the order-disorder transformation temperature
T,_p,> and the 48f oxygen positional parameter x.'3 In this
paper, we calculate the energy difference between the fully
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ordered pyrochlore and the fully disordered defect-fluorite
structures, i.e., the disordering energy AFE giiorger» @and propose
this quantity as a key indicator of radiation tolerance in com-
plex oxides. As will be shown, the present indicator has sev-
eral advantages over the previous ones. Our calculations are
performed using the all-electron projector-augmented wave
method within the generalized gradient approximation
(GGA), as implemented in Vienna ab initio simulation pack-
age (VASP) code.'* The lattice parameters and internal atomic
positions of all structures are fully relaxed using a conjugate-
gradient scheme. According to our convergence tests, a
plane-wave cutoff energy of 400 eV and a 2 X2 X2 k-point
sampling are sufficient to give fully converged results. Pre-
vious theoretical studies'>™"° have demonstrated that GGA
gives structural and electronic properties of pyrochlores in
good agreement with experiments.

The special quasirandom structure (SQS) approach?*-22 is
adopted to adequately reproduce the statistics of a random
alloy in a small (thus computationally feasible) periodic su-
percell. Using the Monte-Carlo simulated annealing tech-
nique, we have developed an 88-atom SQS for the fully dis-
ordered (A;,B2)(07,5V5), defect-fluorite structure (see
Table I for detailed structural information of this SQS). As
the fcc cation and simple-cubic anion sublattices do not ex-
change species, the configurational problem can be greatly
simplified to that of a binary system.?? Thus, the total energy
of the system depends on two types of interatomic interac-
tions: those between atoms within the same sublattice
(cation-cation and anion-anion) and those between atoms on
different sublattices (cation-anion). As shown in Table II,
both the near-neighbor intrasublattice and intersublattice
pair-correlation functions of the random defect-fluorite struc-
ture are accurately reproduced by the SQS. We note that,
upon relaxation of the SQS, one of the 56 oxygen atoms
exchanges position with a neighboring vacancy. However, if
we compare the correlation functions of an idealized version
of this relaxed structure with that of the original SQS, we
find that they change by less than 0.02. This fact, combined
with the good agreement we obtain with experiments in pre-
dicting Ty_p, as will be discussed below, leads us to con-
clude that the SQS approach is suitable for describing the
disordered state of pyrochlores.

©2009 The American Physical Society
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TABLE 1. Structural description of the 88-atom SQS for mimicking
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the fully disordered

(A12B1/2)(07,8Vy3), defect-fluorite structure. Lattice vectors and atomic positions are given in Cartesian
coordinates, in units of a, the fluorite lattice parameter. Atomic positions are given for the ideal, unrelaxed

fluorite sites.

Lattice vectors

ay=(1,1,-2), ap=(1,2,-1), a3=(2,-1,1)

(2.5, 0, -0.5)
(1, 0.5, -0.5)
(1, 1, -1)

(3.5, 1.5, -1)

(2, -0.5, 0.5)
(1.5, 1.5, -1)
(1.5, 2, -1.5)
(3, 0.5, -0.5)

(2.25, 0.25, -0.25)
(2.25, 2.25, =2.25)
(1.25, 1.25, =1.25)
(3.25, 1.25, -0.75)
(2.25, 1.75, =1.25)
2.25,0.25, 0.25)

1.75, 0.25, —0.75)
2.25, -0.25, 0.25)
1.75, -0.25, 0.25)
(1.25, 0.25, —0.25)
(1.25, 0.75, —1.25)
(2.25, 0.75, —0.75)
(275, 0.75, =1.25)
(3.25, 2.25, =2.25)

~ o~ o~ o~

(2.75, 1.25, -=0.75)
(0.75, 1.25, —=0.75)

Atomic positions of A cations

(1, 0, 0)
(1.5, 1, -1.5)
(1.5, 1.5, =2)
(3.5, 1, -1.5)

(1.5, 1 -0.5)

(2.5, 1, -0.5)

(2, 2.5, =2.5)
(4,2, -2)

Atomic positions of B cations

(2.5, 0.5, 0)
2,2, -2)
(2.5, 15, -1)
(25,2, -1.5)

(3,1, -1)
(2,0,0)
(2.5, 1, -1.5)
(2.5, 1.5, -2)

Atomic positions of oxygen atoms

(1.75, 0.25, =0.25)
(0.75, 0.75, =0.75)
(1.75, 2.25, -1.75)
(3.75, 1.75, =1.75)
(2.75, 2.25, =2.25)
(2.25, -0.25, -0.25)
(2.25, 1.25, -1.25)
(2.75, 0.75, =0.25)
(2.25, 0.75, =0.25)
(2.25, 1.75, -1.75)
(1.75, 1.75, -1.75)
(1.75, —0.75, 0.75)
(2.25, 1.25, -0.75)
(2.75, 0.75, =0.75)

(1.25, 0.75, =0.75)
(1.25, 1.75, -1.25
(175, 1.75, =2.25
(275, 1.25, -1.75
(0.25, 0.25, —0.25
(1.25, -0.25, 0.25
(1.25, 0.75, —0.25
(275, 0.25, -0.75
(2.25, 0.25, -0.75
(0.75, 0.25, —0.25
(2.25, 0.75, -1.25
(0.75, =0.25, 0.25
(175, 1.25, -1.75
(175, 1.25, =0.75)

)
)
)
)
)
)
)
)
)
)
)
)

Positions of structural oxygen vacancies

(2.75, 1.75, -1.75)
(0.75, 0.75, —=1.25)

(1.75, 2.25, =2.25)
(1.25, 0.25, -0.75)

(15,05, -1)

(3, 1.5, -1.5)

(2, 0.5, -0.5)
2, 1,-1)

(2, 1.5, -1.5)
(2.5,0.5, -1)
3,2, -2)
(3, 2.5, -2.5)

(175, 1.75, =1.25)
(1.25, 1.25, -1.75)
(2.75, 0.25, —0.25)
(1.75, 0.75, =0.75)
(1.25, 1.75, =1.75)
(1.75, 0.75, —0.25)
(175, 1.25, =1.25)
(3.25, 1.25, -1.25)
(2.75, 1.25, =1.25)
(1.25, 1.25, =0.75)
(3.25, 0.75, —1.25)
(1.75, 0.75, =1.25)
(2.25, 2.75, =2.75)
(3.25, 1.75, -1.75)

(2.75, 1.75, -1.25)
(2.25, 1.25, -1.75)

We obtain AE ;4. as the first-principles calculated total-
energy difference between the pyrochlore and the SQS. A
large AE 4o indicates that the crystalline lattice does not
tolerate disorder and its internal energy will quickly increase

upon accumulation of irradiation-induced disordering point
defects, giving rise to a thermodynamic driving force for the
lattice to collapse into aperiodic amorphous structure.”* On
the contrary, a small AEyq. indicates that the lattice sta-

TABLE II. Intrasublattice (cation-cation and anion-anion) and intersublattice (cation-anion) pair-correlation functions of the 88-atom

SQS for mimicking the random fluorite (A,,,B,,,)(0O7,5V3) structure. nn=nearest neighbor.

Cation-Cation

Anion-Anion

Cation-Anion

Inn 2nn 3nn Snn 1nn 2nn 3nn Snn Inn 2nn 3nn
Random Alloy 0 0 0 0 0.5625 0.5625 0.5625 0.5625 0 0 0
SQS 0 0 0 0 0.5625 0.5625 0.5625 0.5625 0 0.005 0.005
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FIG. 1. (Color online) Calculated disordering energies (eV per
A,B,0, formula unit) of pyrochlores as a function of A3* cation
radius. The trend lines (solid lines) are drawn to guide the eye.

bility is not much disturbed by the disordering defects and
the material thus exhibits good radiation tolerance.

Figure 1 shows the calculated disordering energies of
A,B,0; (where A%* is a rare-earth element and B**=Zr, Hf,
Ti, Sn) pyrochlores as a function of the A3* cationic radius
from Shannon.” For zirconate, hafnate and stannate pyro-
chlores, AE e increases with increasing A** size in an
approximately linear fashion. Such a trend is in agreement
with our previous study using Born-like empirical potentials
to describe ionic crystals,>> and the general view that the
size difference between A3* and B* cations is the driving
force for ordering in the pyrochlore structure.?® However, the
titanate pyrochlore series is clearly an exception. Instead of
monotonically increasing with A%* size, the disordering en-
ergies of titanate pyrochlores actually exhibit a maximum at
Gd,Ti,0. Interestingly, such a finding is consistent with the
experimental observations by Lian et al.'® that Gd,Ti,O has
the highest critical amorphization temperature (above which
no amorphization occurs regardless of radiation dose) among
all titanate pyrochlores. It also agrees with previous studies
using empirical potentials’ and first-principles calculations,'”
showing that Gd,Ti,O; indeed has the largest defect forma-
tion energy among titanate pyrochlores.

Figure 1 further shows that for the same A3* cation, it is
more difficult to disorder stannate pyrochlores than titanate
pyrochlores, which is quite surprising since the ionic radius
of Sn** (0.69 A) is much larger than that of Ti** (0.605 A).
It can also be seen that AE 4., Of @ given hafnate pyro-
chlore is consistently larger than that of its zirconate equiva-
lent, despite the very similar ionic radius of Zr** (0.72 A)
and Hf** (0.71 A). Indeed, while Sm,Zr,0, disorders at
~2273 K, Sm,Hf,05 is stable all the way to the melt.?” The
To_p of Gd,Zr,0; is also significantly lower than that of
Gd,Hf,0,.2" Clearly, such phenomena cannot be simply ex-
plained by the relative sizes of B*" cations, and electronic
effects must play an important role here. According to the
Mulliken overlap population analysis by Lumpkin et al.,?®
the covalency of B-O bonds increases in the order Sn>Ti
>Hf>Z7r and, as they discuss, this trend roughly follows
that of Pauling’s electronegativity.”” Examination of elec-
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FIG. 2. (Color online) Calculated disordering energies of pyro-
chlores as a function of their oxygen positional parameter, x. The
inset shows the comparisons between predicted and experimentally
measured x values of pyrochlore oxides.

tronic structure also revealed that the Sn-O bond is substan-
tially more covalent than Ti-O and Zr-O bonds.'? Presum-
ably, the strong covalent nature of Sn-O bonds may be the
origin of the high phase stability of stannate pyrochlores. The
fact that Hf-O bonds are more covalent than Zr-O bonds may
also explain why hafnate pyrochlores are more difficult to
disorder than zirconate pyrochlores.

It has been suggested that the positional parameter x of
oxygen atoms occupying 48f sites in an ordered pyrochlore
structure may determine its order-disorder energetics.!® For
an ideal pyrochlore structure, x=0.3125 such that each B*
cation is surrounded by an ideal oxygen octahedron. The x
parameter for a completely disordered defect-fluorite struc-
ture is 0.375. Figure 2 shows our calculated AFE g o e aS @
function of x obtained from fully relaxed pyrochlore unit
cells. We find that AEgq4.r decreases with increasing x
within a given pyrochlore family (same B** cation) for the
zironates, hafnates, and stannates. Such a conclusion is in
agreement with previous experimental studies.!> However,
this trend does not apply to titanate pyrochlores, where
Gd,Ti,O has the highest AE;zoqer» bUt not the smallest x. x
is also not a very good indicator of disordering propensities
between different pyrochlore families. Figure 2 (inset) fur-
ther shows that our predicted x values are in good agreement
with available experimental data.®*! Here only results for
those titanate and stannate pyrochlores with a strong ten-
dency for ordering are shown. For zirconate and hafnate py-
rochlores that generally show a much weaker ordering ten-
dency, direct comparison between experiments and theory
becomes difficult since the x parameter is known to vary
with the actual extent of disorder in a sample that will de-
pend sensitively on its heat treatment history,3>33 though our
calculated x values compare rather well with previous first-
principles studies.'®~'” While not shown, we observe that our
calculated x parameters for zirconate, hafnate, titanate, and
stannate pyrochlores decrease monotonically and linearly
with increasing A" size, which is in agreement with our
previous study.*

Assuming ideal configurational entropy of mixing for the
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FIG. 3. (Color online) Comparisons between predicted and ex-
perimentally measured T_p’s of pyrochlores. The solid line repre-
sents perfect agreement between calculations and experiments.

disordered fluorite structure, we can estimate the pyrochlore
to fluorite order-disorder temperature as To_p = AEgicorder/
ASigears Where  AS;ye=—4kp[x In x+(1-x)In(1-x)+2y Iny
+2(1-y)In(1-y)], and kg is the Boltzmann constant. x
=1/2 and y=1/8 are the site fractions of B cations and oxy-
gen vacancies on their respective sublattices. Figure 3 shows
our predicted Ty_p’s in comparison with available experi-
mental measurements as reviewed by Refs. 34 and 35.
Remarkably, the experimentally observed ranking
Of TO—D (Gd22r207 < szzr207 < szHf207 < Ndzzr207
~ Gd,Hf,0,) is correctly predicted by our calculations, al-
though on average we underestimate the experimental data
by ~250 K. This good agreement confirms the suitability of
using the SQS approach to model the disordered state of
pyrochlores. The remaining quantitative discrepancy may be
due to experimental uncertainties, the inaccuracies of GGA,
or to the neglect of nonconfigurational (vibrational, elec-
tronic, etc.) entropies in our estimations.

While not shown in Fig. 3, the T,_p’s of Er,Zr,O-,
DyZZr207, szzr207, Przzr207, Ersz207, Dysz207,
Sm,Hf,0,, and Nd,Hf,O, are predicted to be 303, 793,
1115, 2840, 1358, 1909, 3054, and 3525 K, respectively. For
Er,Zr,0; and Dy,Zr,0,, their T,_p’s are so low that the
formation of ordered pyrochlore structure is prohibited due
to sluggish kinetics. This explains why no ordered pyro-
chlore structure has been experimentally observed for these
two compounds (rather, a defect-fluorite structure is
observed).>?” For Pr,Zr,0,, Sm,Hf,0,, and Nd,Hf,0, the
predicted Tp_p’s are actually higher than their respective
melting temperatures, consistent with the fact that these com-
pounds do not disorder up to their melting points.?’ By heat
treating mixtures of HfO, and rare-earth oxides at various
annealing temperatures from 1200 up to 1700 °C, Mandal
et al.* successfully synthesized various hafnate pyrochlores.
Importantly, they found that Er,Hf,O, crystallizes in a
defect-fluorite structure while Dy,Hf,0O, exhibits a weakly
ordered pyrochlore structure. Such experimental results are
fully consistent with the present calculations since the maxi-
mum annealing temperature in those experiments is much
higher than the predicted T,_p of Er,Hf,0-, but is very close
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to that of Dy,Hf,0,. Furthermore, the experimentally ob-
served x parameter of Dy,Hf,0; [0.348 (Ref. 36)] is much
larger than our predicted value (0.338) for the fully ordered
Dy,Hf,0, pyrochlore, which is due to the existence of struc-
tural disorder under the experimental conditions.

Kennedy et al.’® synthesized a wide range of stannate
pyrochlores through solid-state reaction between SnO, and
appropriate rare-earth oxides at relatively high temperatures
between 1400~ 1500 °C. Interestingly, they found that none
of those compounds exhibits any level of structural disorder
within the cation or anion sublattice, indicating a strong or-
dering tendency of stannate pyrochlores. Furthermore, ex-
perimental TiO,-A,05 phase diagrams®’ indicate that the or-
dered A,Ti,O; pyrochlore phase is stable to the melt for the
entire rare-earth (A) series. These experimental results are
fully consistent with our predicted high disordering energies
of stannate and titanate pyrochlores. Of all the pyrochlore
oxides considered in this study, Er,Zr,0;, Dy,Zr,0, and
Gd,Zr,0; are among those with the lowest Ty_p’s (thus
highest-disordering tendencies), in accordance with their ex-
cellent amorphization resistance.>>3® 1In contrast, the
strongly ordered nature of stannate and titanate pyrochlores
suggests that these compounds can be readily amorphized by
ion irradiation. We note that, while titanate pyrochlores are
generally susceptible to radiation-induced amorphization,'? it
has been observed that Er,Sn,O, cannot be amorphized even
at 25 K.3° We are currently investigating the origins of this
discrepancy.

To conclude, we have performed a systematic first-
principles study of the tendency for disorder in a wide range
of pyrochlores. A number of materials properties have been
proposed before to indicate this tendency: the defect forma-
tion energy, the order-disorder temperature T,,_p, and the
oxygen parameter x. We introduce the disordering energy—
the energy cost required to fully disorder a pyrochlore into
fluorite—as another important indicator of disordering ten-
dency. Clearly, all of these concepts are related as they mea-
sure, in one way or another, the stability of the pyrochlore
structure. However, there are several advantages associated
with using the disordering energy. First, there exists a direct
quantitative relationship between the disordering energy and
To-p, the most direct measure of disordering tendency. How-
ever, as T,_p is not always experimentally accessible—due
to kinetic limitations for materials with low T,_p and the
preference for melting for those with high 7,,_p—the disor-
dering energy is more generally useful for comparing differ-
ent pyrochlores. Our predicted T,_p’s can also be used to
complement existing phase diagrams when such information
is lacking. In contrast, there exists no quantitative correlation
between defect formation energy and T,_p. Second, while
the oxygen parameter x has been demonstrated to give some
indication of disordering tendencies within a given pyro-
chlore family, its usefulness is limited as it is less reliable as
an indicator of disordering tendency between different pyro-
chlore families. There are also experimental issues in mea-
suring x, as a fully ordered pyrochlore may be difficult to
achieve, especially for pyrochlores with a low T,_p, where
the measured value of x will depend on the degree of residual
disorder that depends on sample preparation. Finally, the
concept of disordering energy can be easily applied to assess
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the disordering tendencies of other oxides with complex low-
symmetry crystal structures such as the A4;B30;, J phase,
where a unique x parameter cannot be defined and the defi-
nition of defect formation energy becomes ambiguous due to
the multitude of inequivalent crystallographic sites.
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