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First-principles calculation of defect-formation energies in the Y(Ti, Sn, Zr),0- pyrochlore
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Isometric pyrochlore, AB,O-, with compositions in the XTi, Sn,Zn,0; ternary system, are of particular
interest because there are dramatic changes in properties, such as ionic conductivity, and response to radiation
damage, as a function of disordering of the A- and B-site cations and oxygen vacancies. First-principles
calculations using density functional theory and the plane-wave pseudopotential method, predict lattice con-
stantg(1.0049-1.0463 nimatomic coordinates, and bulk modli76—205 GPpthat are linearly dependent on
the B-site cation radiugd.062—0.072 nm However, the energetics for the formation of cation-antigdte?
eV) and Frenkel-pait4—11 e\j defects do not correlate with cation size, underscoring the importance of the
specific electronic configuration of the B-site cation. The greater degree of covalent bonding between
(Sr**-0O) as compared wit{Ti**-O) or (Zr**-O) results in defect formation energies otherwise unexpected
solely due to the radius ratios of the cation speciesSryO; shows 2—4 eV greater defect formation energies
than otherwise predicted through mean B-site cation sizes. Relaxed calculations on coupled cation-antisite and
Frenkel-pair defects show that cation-antisite reactions likely drive the oxygen-Frenkel pair defect formation
process that ultimately leads to increased oxygen mobility and completely aperiodic structures. Total charge
and partial density of states calculations show strikingly different behavior of oxygen on two different crys-
tallographic positions, emphasizing the need for a full account of the electronic structure.
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I. INTRODUCTION tween the vacancies, leading to ionic conductivities up to
102 S/cmi?13

Pyrochlore-structured compositions have a wide range of In addition to compositionally induced disorder, irradia-
technologically important properties, such as high ioniction of many pyrochlore compositions results in an order-
conductivity!  superconductivity, luminescencé, and disorder transition from the pyrochlore to a defect-fluorite
ferromagnetisni.Additionally, the Ti and Zr pyrochlores are structure, and finally, at higher doses, the aperiodic 3fate.
candidates for the immobilization of actinides, particularly Y,Ti,O; irradiated by 2 MeV A&* produces a buried de-
Pu from dismantled nuclear weaporfsThe zirconate pyro- fect-fluorite layer for low ion fluenc€0.3 ions/nm) along
chlores have been identified as being particularly resistant twith a completely amorphous lay&r. The well-studied
radiation damagé:® The pyrochlore structure, /8,0, is a Gd,(Tiy, Zr;-,),0; compositional series shows a wide vari-
derivative of the fluorite structure, with two cations orderedety of behaviors from limited radiation tolerance for 1 to
on the A and B sites, and one-eighth of the anions missingcomplete tolerance(remaining as defect fluorite for
The anion vacancies are also ordered. Disordering of thg=0."216A series of measurements has indicated the corre-
cation sites coupled with oxygen disorder on the anion vatation between the critical amorphization temperature, above
cancies within the pyrochlore structure results in a defectwhich no amorphization occurs regardless of radiation
fluorite structure:1° Many of the properties of pyrochlore, dose!“ the enthalpy of formation from the oxidésand the
such as ionic conductivity, are very sensitive to the degree o8*-cation (A-site) radius. These relationships point to the in-
disorder and related changes in the structure. Therefore, it igrdependence of the structural compatibility of the chemical
important to understand the energetics of the disordering praspecies, the thermodynamic stability of the pyrochlore struc-
cess. ture, and the recovery of ion beam-induced damage.

Chemical substitutionge.g., Zr for T)* can induce the In an attempt to explain many of the experimental obser-
pyrochlore to defect-fluorite transition. For example, in thevations of order-disorder transitions in the pyrochlore sys-
Y ,(Ti, Zr),0; system at room temperature, the introductiontem, as well as observed variations in radiation “tolerance”
of 50% Zr appears to initiate disorder among the cation sitesand ionic conductivity, many groups?3 have attempted to
associated with disorder among the oxygen sites with partiatalculate the defect-formation energy of a large number of
occupation of the vacanéy! With 90% Zr in the pyrochlore compositions. Contour maps of defect formation
Y ,(Ti, Zr),0; system, the disorder between the cation siteenergie$>?°as a function of A- and B-site cation radii show
and oxygen sites is complete, resulting in the defect-fluoriteelatively constant values with respect to the A-site cation
structure. In these samples at 1000 °C, the compositionallyadius and relatively linear trends as a function of the B-site
induced disorder allows for significant oxygen migration be-cation radius. This suggests the relatively greater importance
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of the B-site over the A-site cation in determining the ener- Therefore, it is imperative to “ground truth” atomistic
getics of defect formation, a conclusion contradicted by irra-models in quantum mechanical calculations that do not re-
diation experiments of rare-earth titanate pyrochlorequire assumptions about the form of the atomic interactions.
compositions In first principles methods based on density functional
These atomistic approaches rely on a classical pairwisgheory, energetics are derived directly from the solutions to
model for interatomic bonding, which includes Coulomb in- the Kohn-Sham equations and are completely independent
teractions of point chargeghe Madelung energyvan der  f experimental measurements: there are no free parameters
Waals-like short-range attraction, and Born-Mayer type overy, ihe theory. First-principles modeling can therefore exam-
lap repulsiori®~2° Such calculations are computationally ef- o the energetic behavior of the system with a high degree
ficient and therefore allow for the calculation of large sys- f disorder without constraints placed on the nature of

i raememmens o rbomtons oo ecponing as i ciassca approaches. & basic undersiandin
cal models do not treat atoms differently according to crys—?gethe gr':zirgettéc?hgf i%lr?i(():rdcec)rn:;]utcrt]i(\e/ity ttt:;']rg Egr?ggtcigﬁzhias
tallographic position or coordination. Treating all oxygen at- yp Y P

oms in the pyrochlore structure identically regardless of IocaFoéhe jj[ruc;ure, sho'u.ld thertt)afore bde.dlre(r:]tly appllcr?lble o the
environment, as is done in calculations using pair potential'd€r-disorder transitions observed in other pyrochiore com-

therefore neglects a possibly significant aspect of structurdoStions. _
behavior and leaves the electronic structure of oxygen in an We have calculated the structural properties of the ordered
interstitial site undetermined. Moreover, Williforet al23 ~ pyrochlore, as well as the energetics of cation-antisite defect
find that cation-antisite exchange energies in gD, vary ~ formation, Frenkel-pair defect formation, and coupled
by more than an order of magnitu@@12—3.53 ey depend- cation-antisite and Frenkel-pair defect formation. Three py-
ing on the values of the parameters that are chosen for th@chlores, ¥%Ti,07,Y,Sn0, and Y,Zr,0;, with B-site cat-
pair potential model. This demonstrated sensitivity to theion radii of 0.061, 0.069, and 0.072 nm, respectiélgyo-
form of the pair potentials highlights the difficulty in using a vide a means by which to test the extent that changes in
classical approach when addressing defects requiring varproperties can be attributed to B-site cation radius, and
able bond lengths and coordination. whether some properties are more sensitive to the degree of
The interpretation of experimental and classical modelingzovalent bonding. In addition, we have calculated the prop-
studies conflict on key issues related to the sequence of digrties of the solid solution XTig 55, Zrg 75,07, With a mean
ordering and the relative importance of chemical species Vekgtravalent cation radius of 0.0691 nm, nearly identical to

sus cation radius ratios. These may be due to physics that afiga¢ of SH*. This allows for the comparison of the relative

not captured by the simple models including the local envisqqtance of electronic configuration versus the mean ionic
ronment of each species, the nature of electronic bondin

between atoms. and the lenath le over which the di rdﬁ%\dius with respect to the behavior of the material. We ex-
etween atoms, a € length-scaje ove ch e dISordeain deviations from simple trends with respect to cation

occurs. First, atomistic modeling of a wide suite of COMPO- _ 4iiis by analvzing the computed valence band structure
sitions indicates physical and chemical properties in the py- y yzing P '
rochlore system can be primarily explained by ionic radius
alone. The implication of defect-formation energy contour A. Pyrochlore structure

maps r_esulting from classical methods_ is that the B_-site cat- Pyrochlore is cubi¢Fd3m,Z=8,a=10 A), and the struc-
|fon radms can b_e used. almost explus_lvely to explain de.fecltural formula is ideally’" A,V'B,VX VY (Roman numerals
ormation energies, while a combination of the two cation. 2 2 6

; -y 3
radii control basic structural parameters such as the unit-ceg'd'_ca.téle+ th?fl +coor£<+j|nat|on numben-/vhere the A=Y™") anq
volume and the location of placement of oxygen in the struc- (_2-[' 25;5 ,Zr) are metal catlor_ls, X and Y are anions
ture. This picture disagrees with ionic conductivity measure{=0O")-> The pyrochlore structure is closely related to the
ments on pyrochlore compositions with solid solutions Onquorltgz-structure(AX2.), except there.are two catlorj sites and
the B site, which do not show a smooth variation betweerPne-eighth of the anions are abséfig. 1). The cations and
end member compositions, indicating a more complex strucoXygen vacancies are ordered. The loss of one-eighth of the
tural and chemical response to the mean size of the B-sitgnions redu<_:es the coprdlnatlon of '_che B-site cation frqm 8to
cation! Second, classical modeling approaches, which trea- The X-anion occupies thésf position; and the Y anion,
the oxygens on the normally occupied and normally unoccuthe 8a (when the origin of the unit cell is placed at the A
pied sites identically, find that the formation of oxygen de-Sit€). All of the atoms in an ideal pyrochlore are on special
fects must occur before disorder on the A- and B-cation siteP0sitions, except thd8f oxygen(O,g). Thus, the structure
Different experimental probes lead to apparently inconsisteris completely described by the cell edgeand the fractional
conclusions regarding the primacy of cation or anion disorcoordinate(x) of Oggr. For the ideal structure the coordina-
der: whereas diffraction studies indicate that oxygen disordefions of the cations and anions am&XgY ,,BXg, XA,B,,
causes cation disorder, spectroscopic studies yield the oppand YA,. The unoccupiedb position, the site of the oxy-
site conclusion. Classical modeling studies do not resolv@en vacancy, is coordinated with four B-site catidn®,. In

this apparent discrepancy because of their limitations: claghe ideal pyrochlore structurg=7/16(0.4379, the B site is
sical models that treat all the oxygen atoms equally, and ak regular octahedron and the A site is a distorted cube. For
cation-oxygen bonds with the same model, may be biased=3/8(0.375 the A-site polyhedron is a regular cube, and
towards oxygen disorder and smooth variations with compothe B-site polyhedron is distorted to a trigonally flattened
sitional changes. octahedron, with the topology of an oxygen-deficient ideal
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0 at y<<0.5, with significant increase in the occupation of the
¥+ GAHBHE— & 8b oxygen site associated with onset of disorder on the cat-
' _ ion sites?® Complete disorder on the cation and oxygen lat-
b& ‘ Unaccipled & tices occurs ay=0.9, with the material taking on a defect-
® fluorite structurgFig. 1(b)].
O 0 . |@® The ionic conductivity is sensitive to local structure, via
: i the migration energy of oxygen. Therefore, the oxygen de-
Ba—b‘ ; fect formation energy, as a proxy for migration energy, is
[ +) important for understanding conductivity measuremésts.
B** cations ——»0/ O Experimental data on ionic conductivity cannot disentangle
| <

the effects of disorder and composition in the
Y 5(Tiy—y, Z1y),07 system. The ionic conductivity in this sys-
tem increases with increasing Zr content up to 60 at. % Zr,

but does not increase significantly with further incorporation
0 of Zr, despite increasing disorder.

Vibrational spectroscopy is sensitive to the degree of
local ordert'?7:28|n the pyrochlore structure, infrared and
Raman spectroscopy are primarily sensitive to oxygen-cation
vibrations?® and lack sensitivity to the cation antisite
disorder or oxygen vacancy population. Vibrational spectros-
copy indicates that irradiation-driven disorder in the

—o——* Gd,(Ti, Zr),0, system is driven by cation disordér.
0/ 9 Thermochemical measurements in the,3d, Zr),0; sys-
1 * tem indicate that the enthalpies of formation of the fully
®) % ordered structure and the defect-fluorite structure are nearly
FIG. 1. The pyrochlore structure: The yttrium atoms are on the'nd'St'ngu'Shab@ (<10 kJ/mo). This would indicate that

16c site (small black and the 4+ cations are on théd site (dark  the energy of long-range ordering is insignificant compared
grey). The three different oxygen sites are B (large black, 48f {0 the energies of local cation and oxygen vacancy ordering.
(light grey), and the vacarBb (open sites.(a) Structure presented 1herefore, local cation- and oxygen-defect-formation ener-
emphasizing the oxygen arrangements and similarity to the fluorit@i€s calculated on short length scalesl unit cel) should
structure,(b), where complete disorder within the cation sites andhelp to elucidate the differences in experimental conclusions.
oxygen sites results in the fluorite structure.

»
»|

(a) 112 ap

II. METHODS
fluorite structure. Compositions with the pyrochlore structure ) ) . ) .
can take orx values anywhere between these two ideal val- The basis for these calculations is density functional
ues, with polyhedral shapes smoothly varying between th&eory (local density qpprg)zxmatl()n with Vanderbilt-type
shapes as described for the ideal pyrochlore and fluoritslltrasoft pseudopotentiat:**All calculations are peg{ogrgn;(gd
structures. The result is a relatively simply described strucWith the Viennaab initio simulation packag€VASP).===~

ture with a great degree of structural flexibility. Resqlts are stati¢0 K) and ionic positions are relaxed ac-
cording to the calculated forces on each atom. Computations

are based on the primitive unit cgwo formula units: 22
atomg, a 2X 2 X 2 Monkhurst-Pack-point mesh, and a cut-

In addition to fully ordered, and fully disordergdefect off energy of 600 eV, except where otherwise stated. Tests
fluorite) states, partial disorder is commonly observed. Theshow these computational parameters are sufficient to con-
partially ordered state is challenging to characterize experiverge the total energy to within 1 meV and the equilibrium
mentally, but important because it may reveal the underlyingzolume to within 0.02%.
causes of disorder. One must consider the degree of order on The differences in the calculated total energy between the
cation and anion sublattices and the length scale of disordesrdered and disordered state indicate the relative stability of
Different experimental probes of the partially disorderedthose states, as well as the energy required to induce disorder
state may lead to apparently different conclusions becaus@e the material. Comparing the energetics of single defects
they are sensitive to different length scales, or are more semvith coupled cation-oxygen defects gives a measure of the
sitive to either the cation or anion sublattice disorder. relative importance of cation and oxygen defects.

Diffraction studies are sensitive to long-range disorder, In contrast to the Mott-Littleton modéfsthat study de-
i.e., on length scales of thousands of unit cells. X-ray diffracfects in finite nanocrystals embedded in a polarizable me-
tion will be more sensitive to disorder on the cation than ondium, our systems are infinite and periodic, so that defects
the anion sublattice. Reitveld refinement of neutron anchre periodically repeated. In our calculations, defects are
x-ray diffraction patterns detect the onset of oxygen disordeseparated by no more than 0.74 nm, which is 25% smaller
in the Yy(Ti;-y,Zr,),0; system aty=0.3. The onset of than the nanocrystal used in previous Mott-Littleton
compositionally-induced disorder on the cation lattice occursalculations® Even so, we find that our calculations are in

B. Disordered pyrochlore structures
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the dilute limit for single defects: the lattice distortion caused 1X
by the defect decreases rapidly with increasing distance from _ -~ o AT ‘
the defect and reaches essentially zero within the transla- 9 o
tional repeat unit. ga 2Lop :
In order to compare more directly with room-temperature ‘ “ - 0
experimental observations, we have estimated the effects of
lattice vibrations based on a simple model of the vibrational 9 Y3+° © ® o
density of stated® We consider the pressure due to zero- ‘?X/' 4+ Gation
point motion, P « "
a
_ 9n’)’ kBD 1
® g v ' @ FIG. 2. The pyrochlore structure: Atom symbols are as in Fig. 1.

In models of disorder, neighboring6c and 16d-site cations are
where®; is the Debye temperaturkg is Boltzmann’s con-  swapped. For 1X models, one cation-antisite pair is created, and for
stant, y is the Griineisen parameter, akdn is the mean 2X models, two neighboring cation-antisite pairs are created. In the
volume per atom. Assuming/n=11.4 A and nominal val- case of the “2X” models, the cation arrangement around&fe8a,
ues for®p and y (1000 K and 1, respectivelythe |:>Zp cor- and8b sites are identical. Frenkel defects are formed by moving the

rection is 1.4 GPa. 48f oxygen enclosed by the cation-antisite defects to8hesite,
The effect of 300 K thermal energiy,: labeled F.
Op/T , .
Eg = 9nkBT(T/®D)f X In(1 -e™)dx (2 AatBg— Agt By (4)
0

Exchanges are performed as in Fig. 2, where 1X represents a
single exchange and 2X indicates a second such exchange

can be expressed as a thermal pressure from the cation-ordereX) state. For the 2X case, the ex-

JE change is chosen such that the cation environment surround-
Py =— <—‘“) = ZEthi (3) ing a single48f oxygen is identical to the neighborirga
avV/y V and 8b sites, i.e., 48,8a, and8b sites are each surrounded

. . . y two A and two B cations in thél00) plane as shown in
whereT is the absolute temperature. This adds an addition ig. 2. This is a “compact” arrangement of the def&is

factor of 0.3 GPa, for a total pressure correction of 1.7 GPa.ntrast to an “open” arrangement in which the two defects

are at greater distance from each other. Despite the relatively
A. Pyrochlore structures small size of the primitive unit cell, we have found that the

As a starting point for energetic comparisons, we Ioer_compact two-defect calculatiai2X) is essentially in the di-

formed full structural relaxations of the ordered pyrochIoregjetfeegng'”zzlt?g:]agﬁgf ?ehsowr:gr?rgleizgfg g’ircshf;ergesnéJE azréte db
structures:  ¥Ti,07,Y2Zr,07,Y5(Tig.0s 2075207,  and 9 P P y

o . . ~0.25 nm(primitive cell) or ~1 nm (conventional cejl
Y25n,0;. Of these compositions, ,1,0; is unstable in the Frenkel defect formation energies were calculated by the
pyrochlore structure and is included in our suite of systems

in order to illustrate energetic trends. Calculations ofdlfference between the stable structtedher cation-ordered

) e or with one or two cation-antisite defegt@and the energy of
Y o(Tio 25 Zf0.79207 were perf_or_med bY substlFutmg one of the unrelaxed structure with a Frenkel defect according to the
every four Zr atoms in the primitive unit cell with a Ti atom, reaction
while maintaining the systematic oxygen vacancy in 8te
site. This composition is found to form the pyrochlore struc- Oyt — Viygi+ Ofy (5)

ture, but with a significant degree of both cation and anion ) o
disorder This solid solution also has approximately the Such that any oxygen migration is assumed to occur through

same mean B-site cation radius a$'Si9.069 nm), allowing a48f—8b—48f path??2 We considered two alternative oxygen

for the comparison of different compositions with similar Migration paths. Thea-8b path is expected to be highly
ionic radii. unfavorable because of an intervening tetravalent céfion.

We confirmed this expectation with calculations of the unre-
laxed structure with the Frenkel defect

Defect formation energies were calculated by moving cat- Osa— Vea* Ogp- ©
ions, oxygen atoms, or both, within the structure and by reWhile direct48f—48f hopping is not hindered by intervening
laxing the entire structure to minimize the forces on the atatoms, the hopping distance is 25% greater than one with an
oms. The defect formation energy is then calculated as thimtermediate state &b and such calculations would require
difference between the total energy of the stable structurencluding noncharge balanced vacandiés.

B. Defect formation energies

and the relaxed defect structure at constant volume. In this work, the reported Frenkel-pair formation energies
Single and double cation exchange models were perare based on the unrelaxed structures, as they are found to be
formed as cation antisite reactihs unstable in the absence of cation antisite defé@¥). Re-
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TABLE |. Fully ordered structural parameters for yttrium pyrochlore.

Rg (nm)? 3o (nm) X-Oggf Ko (GP3P

Y ,Ti,O; VASP 0.0605 1.0049 0.4204 205:3.6)
1.0084 (300 K)

Y,Ti,O; Farmer 1.0100®) 0.420Q4)

Y,Sn,0; VASP 0.069 1.0329 0.4120 190+0.9)
1.0363 (300 K)

Y ,Sn,0;9 1.03723 0.411®)

Y o(Tig 2Zr0.792,07 VASP 0.0691 1.0360 0.4105 192491.6)

Y 5(Tig.2Zr0.79,07" 1.0332 0.390@®)¢

Y ,Zr,0; VASP 0.072 1.0463 0.408 17642.6)
1.0496 (300 K)

Y ,Zr,04° 1.041F 0.41

aSixfold coordination.

bK’ =(dK,/dP) is assumed to be 4.

Significant amount of cation and oxygen disorder.
dApproximate uncertainty.

®Extrapolated from Heremaret al?®

fSystematics from Pirzadet al 18

9See Ref. 44.

"See Ref. 26.

laxing the structure always results in the oxygen returning toNigner-Seitz spheres about each atom. The Wigner-Seitz ra-
its initial position. Therefore, Frenkel-pair formation ener- dius for each atom is chosen such that the total volume in the
gies may be overestimates. Further, all defect calculationsummation was approximately 100% and that the ratios of
were performed at constant volume: defect formation mayhe atomic radii were equal to that of the actual ionic ré&dii.
alter the volume at constant pressure, an effect that we haviehe band structures of the ordered structures are calculated
ignored. However, we have found that the energy differencealong high symmetry lines in the Brillouin zone. Thpd
are small: no more than 0.05 eV/defect. partial density of states is determined for each atom from the
The coupled cation-antisite/Frenkel-pair defect formationprojection of the angular momentum of the charge onto the
energy was calculated from the fully relaxed structure consame Wigner-Seitz spheres as used in the ionic charge deter-
taining a cation-antisite and a Frenkel defea., combining minations. The partial density of states is calculated with a
reactions(4) and (5)], which was found to be mechanically 12X 12X 12 k-point grid smoothed and the tetrahedron
stable. We consider the compact defect arrangement here farethod®*
coupled cation-antisite and Frenkel-pair defect formation en-
ergy calculations. In each case, #&f oxygen that was used
in the Frenkel defect reaction was the one enclosed by the . RESULTS
cation-antisite defectfirst nearest neighbor instead of sec-
ond), and it was in all cases that oxygen that experienced the
greatest distortion from its stable site in the direction of the The fully ordered zero-pressure, static lattice parameters,
8b site in reaction(4). Williford et al?® showed that the Oxygen positional parameter, and bulk modulus for each
geometry of the cation-antisite defects affects the oxyge®omposition are shown in Table | and Fig. 3. VASP accu-
migration energy, such that compact defects, where nearegately reproduces the experimentally determined lattice pa-
neighbors are involved in the defect formation, have the lowrameters for ¥Ti,O; and Y,Sn,O; to within 0.8% and 0.6%,
est defect formation energies and lowest associated oxygdg@spectively, when the effects of thermal pressure are consid-
migration energies. In contrast, an open cation disordegred. For %Ti,O; and Y,Sn,07,x-Oyg¢ is found to be within
model involves defects with second nearest cation neighbo@xperimental error of the reported experimental value. The
(~0.45 nm instead of 0.2-0.25 nm for first nearest neighzero-pressure lattice paramet@r0463 nm and the oxygen
bors. Williford et al?® showed that for all pair potential position (0.408 for the Y,Zr,O; pyrochlore is consistent
models examined, there are no open cation disorder mode¥éith systematics oRa/Rg in the fully ordered pyrochlore
that are stable with respect to Frenkel defect formation. ~ Systen?’ For the Y,(Tig 2sZr 79,07 solid solution, the 300
K corrected-lattice parameter agrees with experimental mea-
surements to within 1.5%, but we predict a much greater
meanx-O,g; than measured. This reflects the fact that these
The charge on each ion in the relaxed structure is estiealculations have no A-B site cation mixing and completely
mated by integrating the valence charge density within therdered oxygen vacancies; whereas, for the experimental

A. Ordered structures

C. Electronic structure
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p0.425 covalent, and th&€Ti-O) and{Zr-O) bonds as ionic.
The total electronic charge on the oxygen atoms varies
-0.420 significantly between thd8f oxygen and oxygen placed on
the 8a or 8b sites, with differences of up to 10%, generally
consistent with the first-principles Hartree-Fock sttidgf
La,Zr,O;. However, with the introduction of a single neigh-
boring cation defect, the magnitude of the difference be-
tween the two oxygen positions decreases to no more than
5%, reflecting the greater similarity in environment about
0.405 each oxygen site with respect to cation coordination. The
0.062 0.064 0.066 0.068 0.070 0.072 greatest difference is between thegQand Vg, sites in
(@ B-site ionic radius (nm) Y ,Ti,O, the composition with the greatestO,g; positional
: : : : S parameteffFig. 3@)] and generally largest defect formation

2108 a0 Y,B,0, | energies. Indeed, the partial density of states for the oxygen
expermental value (P<23 GPa) 2p electrons show significant differences betweengaand
7 48f sites, with the greatest differences in theT,O;, pyro-

{ chlore compositiorjFig. 4(b)].
3

calculated lattice parameter,
measured lattice parameter
calculated x-0,5

measured x-Oyg,

omce

—0.415

98rGx

—40.410

lattice parameter, a (nm)

200}

190

bulk modulus (GPa)

B. Oxygen defect formation energy for perfectly ordered
180 }‘ cations (0X)

! . ! b4 In the cation-ordered structure, oxygen is not stable in the
102 104 1.06 1.08 1.10 112 114 8b site. The Frenkel-pair formation energies are lafggv-
(0) unit cell volume (nm’) eral electron-volts in all compositions (Table 1l). The
) . _ Frenkel-pair formation energy for reactios) and (6) in
FIG. 3. Static structural parameters as a function of B'S'teYZZrzO7 is 3.3 and 3.7 eV less, respectively, thasTi0; as
cation radiusi(a) lattice parameter, circles, and tH8f oxgyen's expected from the greater ionic conductivity of the zirconate.
X parameter, squares. Open circles represent room temperaturﬁbwever the calculated Frenkel-pair formation energies for

experimentally determined values. The lattice parameter fo
Y ,Zr,0; is an extrapolation of lattice parameter systematics in thew2snzo7 are 2.9 and 3.3 eV greater thanA(,0,, and are

e ; T
Y 5(Tiy, Zr1 )07 systen?® The experimentally derivexiparameter Vl\f]'th'n 6|/°|0f tge value ford\{]['on Tlhe SIT”amy getwezn
for the solid solution is not showf®.390,%6 and reflects significant the calculated oxygen defect values for,SiO; an

disorder in the structurgb) Bulk modulus assuming the pressure Y_ZTi207 is found despite the' very differeR,/Rg ratios and
derivative of bulk moduluglK,/dP=4. different values fox-O,gy, lattice constant and bulk modulus

in the ordered structurgrig. 5a)].
measurements there is significant disorder on both the cation The Yx(Tig2Zrg 75,0, solid solution has two possible
and anion lattices. defect formation energies depending on whether the oxygen
Variation in unit-cell volume as a function of pressure involved in the defect was originally neighboring a titanium
allows the determination of the bulk modulus, a measure oatom or not. In the case of48f oxygen without a titanium
the strength of interatomic bonds. Comparisons between cahearest neighbor, the Frenkel-pair formation energy is within
culations and experimentally derived bulk moduli are an ad0.4 eV of the value for the ¥2r,0; end member value of 4.2
ditional test of our theoretical methods, as it is a higher ordeeV. When the48f oxygen is initially adjacent to one titanium
derivative of the total energy. The bulk modulus of atom and one zirconium atoffig. 2), the Frenkel-pair de-
Gd,Ti,O,, based on quasihydrostatic compression to 24 GPdgct formation energy is almost exactly the average of the Ti
is 198+8) GPa, in general agreement with our results andand Zr end member values of 7.5 and 4.2 eV, respectively,
expectations based on cation radius systeméfigs 3)].3%8  with a Frenkel-pair formation energy of 6.4 &Vable I). A
Our predicted bulk moduli and the bulk modulus of weighted average of these defect enerffieg. 5a)] indicate
Gd,Ti,O; are substantially lower than those estimated forthat the solid solution varies linearly with the cation radius
zirconate pyrochlores from a semiempirical relationship beratio Ry/Rg in the Ti-Zr solid solution series.
tween elastic energy and ionic conductivify. For purposes of comparison to previously published
Examination of the electronic band structure shows thatalculations’? we also approximated the Frenkel defect for-
the (Sn-O bond is substantially more covalent than themation energy through a thermodynamic cycle. Wilde and
(Ti-O) or (Zr-O) bond. The oxygen |2 band width in the Catlow?? estimated the Frenkel-pair defect formation energy
stannate is 7.6 eV, as compared with 4.3 eV and 4.1 eV in thB0om the reactior(Table Il):
titanate and zirconate, respectivéhig. 4a)]. Moreover, the 2+ 2-_
partial density of states show substantially more hybridiza- [A4BO]*" +[A4B4Oss*" = 4A;8,07, ™
tion of the Qyg; 2p states with the Sndistates than of the where the positively charged structure lacks eithe8& or
O,s; 2p with the Ti 3d states[Fig. 4(b)]. These results sup- 8b oxygen, and the negatively charged structure has an extra
port expectations based on electronegativity differencesoxygen on the normally vacama site. Our first principles
which lead to the classification of tH&n-O bond as polar results for reactior{7) are within 20% of those for reaction

054110-6



FIRST-PRINCIPLES CALCULATION OF DEFECT:-. PHYSICAL REVIEW B 70, 054110(2004

2 |
—  —
~ oF | —~—— ] N
>
2L
>
2
P = ———
(]
_\— \
-4 _
r X r
(@) W L
8 T 1.2
w
. 1.0 &
3 6 =
» =
% 0.88
1z &
S 2
2 4 0 6@'
2 S,
() )]
'2 0.4 §
@ \ 0.2 2.
0 M BE e ,ﬂhi [RAs 0.0
-6 -4 -2 0 2
(b) energy (eV)

FIG. 4. (Color) (a) Valence(O 2p) bands for ordered ¥Srn,0O; (red) and Y,Ti,O (black). (b) Partial density of states of oxygermp 2
electrons(O,g; black with bars;8a0O8a grey curvg showing overlap with the Tigrey fill; top) and Sn(grey fill; bottom) p electrons.

(5). Although reaction(7) allows for full structural relaxation C. Cation-antisite formation energies

while reaction(5) does not, we prefer the energy of reaction

(5) as the best estimate of the Frenkel defect formation en- Because of the greater similarity in cation size, an ex-
ergy because reactigii) entails additional repulsion of oxy- change between?¥ and Zf* should be more compatible in
gen atoms inA,B,0,5]>~ and of cations iA,B,0,5?*.  the structure than with Shor Ti**. Indeed, the cation defect
Our calculations of the energy of reactig), as for our formation energies for both 1X and 2X exchangeg. 2
other calculations, were performed at constant volume; were lower in Y,Zr,0; than the other two end member com-
found that the difference in pressure between the positivelypositions (Table Il). Y,Ti,O; and Y,Sn,O; show almost
and negatively charged structures is 4.4 GPa for the Ti enilentical defect formation energies, despite the large differ-
member that would amount to only 0.1 eV in the reactionence in B cation radiugFig. 5b)]. The two different pos-
energy. Our first principles values for reactioh are within ~ sible 1X cation-antisite defects in the solid solution,
a factor of 2 of those from the atomistic model, and there isTi**-Y3* exchange and Zf-Y3* exchange, have energies
partial agreement between first principles and atomistic aprearly identical to those of the corresponding end member,
proaches in the relative magnitude of the reaction energiesdicating the very local effects of the cation-antisite defect
(Table 111). [Fig. 5b)]. 1X cation-antisite defect formation energies are
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TABLE Il. Defect formation energies.

Cation antisite formatioiieV) Frenkel-pair formation energieV)
R/ Ra2 1X 2X 0X (48f—8h) 0X (8a—8h) 1X 2X

Y, Ti,0; 0.594 1.77 8.405 7.514 10.805 3.783 1.906
Y ,Sn0; 0.677 1.97 7.037 7.0483 10.4125 3.326 3.571
Y2(Ti0.252r075)207 0.678 8.228

Ti=Y 1.75 3.41 6.403 1.129 e

Zr-Y 0.03 3.40 4.586 0.377 1.989 1.175
Y ,Zr,0; 0.707 0.258 3.046 4.192 7.146 0.896 0.637

3.074

&Cation ratios are for sixfold coordination for the B-site cation and eightfold coordination for the A-site cation.
bgg-atom unit cell.

about 25% of the Frenkel-pair formation energies in the or-  D. Coupled cation-antisite and Frenkel-pair formation

dered cation lattice. The 2X exchange energy is 3.5-11 times energies

larger than the 1X exchange ener@hable Il) for a given

composition, where the solid solution shows similar effects Frenkel-pair formation energies associated with cation de-

as the 1X case, where the energetics of the second exchandegcts are about hal3.8 eV for Y,Ti,O,) the calculated value

which must be Zt*-Y3* in the primitive lattice resembles the in the cation-ordered lattiog.5 eV for Y,Ti,O;). Therefore,

exchange energies of,Xr,0;. the presence of cation-antisite defects lowers the oxygen de-

fect formation energy, thereby facilitating oxygen migration
. Sn .

3 Ti Tiylrys 2t through the lattice. In all cases the Zr end member case has
° ! coupled cation-antisite and Frenkel-pair defect formation en-

ergies that are more than 2 eV lower than the Sn or Ti cases,

reflecting the greater similarity in oxygen and cation sites.

The low (<1 eV) coupled cation-antisite and oxygen

Frenkel-pair formation energy explains why,2f,0; does

not form the ordered pyrochlore structure, but rather the

defect-fluorite structure, due to the scant energetic advantage

Oﬁ*”&b Frekel defect energy of cation and oxygen vacancy ordering.
oLO 1X | The calculated values for Frenkel-pair defect formation

0.55 0.60 0.65 0.70 0.75 energies in the presence of cation-antisite defects in the
Y (Tig £l 752,07 solid solution show values intermediate
between the end members, as was found for the 0X calcula-

Frenkel Pair Formation Energy (eV)
S

—_
Q
L=

Cation Radius Ratio, Rg/R,

= 8 Ti . Tigdto _z tion [Fig. 5a)]. The Frenkel-pair formation energies reflect
E, ! 1X antisite defect energy the very local cation environment such that the individual
& oL _3_ t;:;f::i{ o 2000| | defect energies are similar to the en_d member values. How-
° o ever, for the 1X and 2X Frenkel-pair defects, the energies
-% are not as easily correlated to the end members because of
E  4r Sl — the greater degree of disorder. In the case of annealed solid
f o solutions, these results imply more*ZY3* defects than

B o _ Ti**-Y3* defects due to their lower energies. Based on the
g relative energetics of 2t-Y3* defects(~0 eV) as compared

§ 0 | | with Ti**-Y3* defects(~1.75 eV} (Table lI), in sample syn-

8 oss 0.60 0.65 0.70 0.75 thesis, annealing of the 7'+ Y 3* defects has a greater energy

benefit. Further, these cation-antisite defects should tend to
associate with oxygen Frenkel-pair defects. As the solid so-
FIG. 5. Defect formation energies as a function of cation radiusIUtIOn bec_omes rlcher in titanium, the annealing process can
ratio Ra/Rs. () Frenkel defect energies for O¥solid) and 1x ~ More easily result in an ordered structure, as reflected by the
(open cation antisite defects anh) 1X antisite defect energies Varying amounts of disorder across the titanium-zirconium
(solid) compared to defect energies as derived from an atomisti€0lid solution series. This picture should be testable by a
model® (open. The defect energies for the,\Tiq 25, 21y 79,07 are  combination of x-ray and neutron diffraction.
plotted as a weighted average according to the Zr/Ti ratio, with the AS seen in the 0X Frenkel pair formation and 1X and 2X
vertical bar indicating the range of the individual defect energiescation-antisite reactions, the 1X Frenkel pair formation en-
(Table II). In each case the Sn-end membsguaresplots signifi-  ergy is almost identical for ¥Ti,O; and Y,Srn,O, (3.8 and
cantly above the trend for the Ti-Zr solid solution series. 3.3 eV), but is more than 2.8 eV greater thapzY,0, (Table

(b) cation radius ratio, Rg/R,
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TABLE lll. OX Frenkel-pair formation energies computed via thermodynamic cycle.

Wilde and Catlow? VASP Ratid
Y, Ti,0; Y ,Zr,0; Y,Ti 05 Y ,Zr,0, Y, Ti,0; Y ,Zr,0,
48f-8b 4.60 3.27 8.63 5.00 0.871 0.838
8a—8b 7.96 9.82 9.82 6.21 0.909 0.870

8Ratio of 0X Frenkel pair formation energy computed by VASP using our charge-balance ni€adel I)
to that using the thermodynamic cycle.

I1). Moreover, the behavior of $his dramatically different the structure. This is in contrast to the effect of decreasing
from Ti** and Zf* in the solid solution, with the 0X Frenkel- unit-cell volume through increasing pressure. The effect of
pair formation energies for the solid solution being 10%—pressure appears to shitO,g closer to the ideal fluorite,
35% lower than the Sn end member value of 7.05 eV. Therebut with a shallow slope of 1810°%/A83, just 15% of the
fore, any attempt to predict the behavior 0§Sf,0; based magnitude of slope due to compositional changes. Therefore,
on the average cation radiug;O,g;, Or lattice constant x-Oug; is dependent upon the radius rafy/Rg and the
would greatly underestimate the Frenkel pair formation encompression of the structure due to prestre.
ergies. In contrast to average structural properties, defect energet-
ics are not simple functions of ionic radius, or radius ratios,
but instead are much more sensitive to other aspects of the
IV. DISCUSSION electronic structure. The relative importance of covalent
and ionic bonding, and the importance dglectrons in the
(Sn-O bond are not easily captured in spherically symmetric
The calculated structural parametetattice parameter, atomistic models. For example, the nearly identical defect
x-Oyg; @and bulk modulug are linearly dependent upon the formation energies in the Ti and Sn end members were not
B-site cation radius, with the mean B-site cation radiusevident in previous atomistic modeling stude® which
for the solid solution apparently representative for theshow a much more linear trend as a function of B-site cation
purposes of lattice size and oxygen posit{éig. 3a@)]. In-  radius. Increased charge sharing betweeff &nd &~ ion
deed, the bulk modulus is also linearly dependent uponelative to the more ioni¢Ti-O) and(Zr-O) bonds increases
the unit-cell volume[Fig. 3b)], indicative of the influence the defect-formation energy relative to that expected based
of the B-site cation radius on the strength of tBeO) bond  on an assumed linear relationship with cation radius in the B-
and consistent with results in compositional variations insijte (or, more generally, th&®,/Rg ratio; Fig. 5. These are
other structured? When compared to ¥nO; the not purely ionic systems, and the effect of electronic struc-
Y o(Tig 25Z10.75207 has an almost identical lattice parameter,ture on bonding is important.
mean oxygen position and bulk modulus. The defect formation energies in a crystal are generally
Based on the similarities of the lattice constant, mearrelated to the radiation tolerance of the matelfaNaguib
x-Oyg¢ and compressibility of two compositions with the and Kelly*? correlated the radiation tolerance of nonmetallic
same mean B-site cation radius, it appears reasonable to asplids with the relative ionicity of the material, finding more
sume that compositions in a solid solution can be synthesizegbvalently bonded materials sustain greater amounts of dam-
to attain desired physical properties intermediate betweenge (that is they are more readily amorphizeat lower
those of end member compositions with the pyrochloretemperatures under heavy ion irradiation. The defect forma-
structure. One can imagine “tuning” pyrochlore properties bytion energies presented here are not consistent with the gen-
compositional changes in the appropriate binary systems. Asral criteria of Naguib and Kel§? Y,Sn0; is one of the
an example, because-O,g; is correlated to radiation most radiation resistant of the pyrochloféshut it shows
tolerancé* and compressibilitythrough unit-cell volumg a  no evidence of amorphization at fluences of more than
pyrochlore solid solution could be synthesized to produces x 10 ions/cnt at room temperature, even though it is sig-
desired properties under radiation with a particular com-ificantly more covalent in its bonding than,¥,0; or
pressibility by choosing cations based on their ionic radii.Y,Zr,0,. We note, however, that the 72 compounds used in
Decreasing unit-cell volume with decreasing B-site cationthe study by Naguib and Kelly were all diatomic materials
size increasex-O,g;, moving the structure closer to ideal forming generally simple structures without the structural
pyrochlore and in general accord with previous modelingcomplexity and flexibility of pyrochlore.
results?® This general result is supported by atomistic mod-
eling of a broad range of compositions, showing approxi-
mately equal dependence on the A- and B-site cation*adii
with x-O,g; changing as a function of unit-cell volume at a A key question in understanding the pyrochlore to defect-
rate of —9.2< 10°/A3. ChangingR, and Rg while leaving  fluorite transition is how defects on the oxygen and cation
the Ry/Rg radius ratio constant leaves the,dp position lattice proceed to result in the disordered structure. In the
largely unchanged, by simply expanding or contractingcalculations presented here, oxygen defects were not found

A. Ra/Rg constraints on pyrochlore stability

B. Order to disorder transitions in pyrochlore
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0.44 I I

' - of transmission electron microscopy diffraction results for
Lian et all® lon-beam irradiated samples appear to show
greater Frenkel-pair defects than cation-antisite defects, im-
plying that oxygen defects precede the formation of cation
defects. This can be reconciled with the theoretical results
presented here by considering the differences in the process

ideal pyrochlore
0.43 A

0.42

0.41

mean 48f oxygen x parameter

0.40 XOggr X ) o

¢ Xvmzmo by which disorder is induced. In the case of the study here,
0.39F | & xvsno, 1 defects are introduced without regard to any recovery pro-
0.38l . i i cess. In ion-beam experiments, the region disturbed by the

ideal fluorite . ;

) . . ) ) ) heavy ion bombardment must recover from the high-energy

037062 0064 0066 0068 0070 0072 state in the bombardment process to a pyrochlore-like struc-
Ry(nm) ture over extremely short time scaléesps). Therefore, the

system cannot be considered annealed and, only local order-
FIG. 6. The effect of cation defects on the meaparameter of  ing can be attained. Therefore, in the ion-beam recovery pro-
the oxygen in thed8f oxygen site as a function of B-site cation cess, the energetics of longer-range ordering is insignificant.
radius. Circles, no cation defect; and triangles for 1X. The relative energy gain in local ordering of cations is
freater than the energy gain involved in ordering the oxygen

to be stable upon relaxation without the presence of asso . S )
P b é’;\toms. Therefore, the cation lattice is established much more

ated cation defects. This, together with the fact that th

Frenkel-pair formation energies are large for all Comloosi_readily than the oxygen lattice during ion-beam irradiation as

tions, indicates that oxygen defect formation independent oft" effect of the energetic advantage to ordering the cations

cation defects is unlikely. Together with our finding that theinstead of a cation-ordered structure with a significant popu-

Frenkel-pair formation energy is substantially lowered in thelation of oxygen defects being stable. The results here are

presence of a cation antisite defect, our results indicate thanore applicable to the interpretation of the vibrational spec-

cation disordercausedocal oxygen disorder. troscopy resultge.g., Ref. 11 in which cation site disorder
The primacy of cation defects can be understood in termappears to lead oxygen disorder. Thermochemical measure-

of changes to the structure of the oxygen sublattice in rements of the GglTi, Zr),O; system further support the inter-

sponse to the antisite defect. In the case of cation antisitpretation here, showing that the energetics of long-range or-

defect formation with initially ordered oxygen vacancies, thedering is minor in comparison to local disordér.

relaxed structure results in48f oxygen atom located closer

to the 8b site than the original8f site. The mearx-Og¢

parameter is often taken as a predictor of radiation tolerance, V. CONCLUSIONS

with those compositions with £ positions closer to the

ideal fluorite arrangemenik=0.375 being most “resistant”

to amorphizatiort? In the Y,Zr,0O; 1X case, one originally

Oygs relaxes 0.132 nm away from its #iBosition so that it is

only 0.0868 nm from theBb site, or 60% of the distance

In contrast to the lattice paramet&rQO,q; and bulk modu-
lus systematics in the ordered pyrochlore structures, the cat-
ion defect formation energies do not depend simply on cation
radius, but are sensitive to other aspects of the electronic

between thel8f and the normally vacar@b site. That is, the strupture. The more cova!ently bonded stanate is much more
1X cation-antisite defect causes relaxation of an oxygeﬁes'Stam to defect formation than trends based on cation ra-

atom to a position closer to the vacancy than to its origina@ius for more ionic compositions would indicate. In this
48f site. This allows for a short hopping distance as com-Study, we have demonstrated the complementary effects of
pared with the anion-ordered structure with 0.219 nm beatomic size and electronic configuration, that is the bond
tween48f and8b sites. The mean oxygen positional param-type, on the energetics of the disordering process.
eter decreases from 0.408 to 0.400, or 24% closer to the ideal Our results indicate that cation antisite disorder precedes
fluorite position(Fig. 6). A shift of this magnitude is at the o0xygen disorder. Cation antisite formation energies are much
limits of resolution of x-ray diffraction analysiGee uncer- lower than Frenkel-pair formation energies. Moreover, the
tainties in Table ), yet is shown by our calculations to be energetics of Frenkel-pair formation become much more fa-
energetically significant. Similarly, for the case 0§T¥,O;,  vorable in the presence of a cation antisite defect. Our infer-
the meanx-O,g; decreases to 0.406 from 0.42B1% closer ence is consistent with that drawn from vibrational spectro-
to ideal fluorite, but the minimum48f—8b distance, 0.114 scopic studies and thermochemical data.
nm, is only shifted 45% of the way from th&8f to 8b site, Conclusions based on trends in data in the ordered pyro-
compared to 60% in the Zr end member case. Using thehlore system cannot be directly used to predict the proper-
meanx-O,g; in the 1X and 2X cases as a proxy for a systemties of a disordered pyrochlore. Likewise, synthesizing a
with an equivalent population of defects, but with randomsolid solution to attain a desired property intermediate to
orientations, the B-site contains 25% A cations and vicethose of the end members may not result in the desired prop-
versa, but with only 8.3%1 of 12) oxygen occupancy of the erty due to differences in the type of bonding, ionic versus
8b site. Therefore, some extreme local distortion to the oxy-covalent. For example, to synthesize a pyrochlore that has a
gen arrangement may be averaged out in diffraction meastructure compatible with the incorporation of Pu, one could
surements, masking the local effects of cation disorder. ~ choose a combination of A-site cations to yield an average
The interpretation of the order-disorder process based oA-site ionic radius equal to that of Pu. However, should this
defect-formation energies is different than the interpretatiorstructure become disordered, the presence of the Pu would
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result in an unknown response with respect to the stability oAs Ru and Pb both are rather electronegat® and 2.33,
the structure. In the case of pyrochlore compositions whichiespectively and would be expected to form strongly cova-
are ionic conductors, the Frenkel-pair defect formation enerlent bonds with oxygen, we anticipate that these composi-
gies, which largely control the oxygen migration energy, cartions will be more resistant to defect formation than more
vary significantly both due to the radii of the cationic spe-ionically bonded solid solutions of the same mean cation
cies, as well as the details of the bonding between the B-siteadius.

cation and oxygen. Based on these conclusions, we would

predict that pyrochlore compositions with a variety of bond ACKNOWLEDGMENTS
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